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C h e m i c a l  Systems, NPSA-OART. 

We'll s t s r t  off here w i t h  my rather l o w  'key i n t r o d u c t i o n  w h i l e  

w e ' r e  w a i t i n g  f o r  the ot-her people to  s i g n  i n .  A s  w e  a l l  know, 

w e  w i l l  need something that. w i l l  t e n d  t o  weigh less t han  our  

mechanical power systems, for our manned space miss ions  i n  the 

f u t u r e  which tend t o  y o  a longer  period o f  t i m e .  I t h i n k  the 

recent se lec t ion  of the solar c e l l - b a t t e r y  system for the A p o l l o  

t e l e s c o p e  mount i n  the SIV-B workshop, on the A p o l l o  a p p l i c a t i o n s  

program, i n d i c a t e s  the system Lhat w e  w i l l  D e  t u r n i n g  t o  f irst  f o r  

longer  d u r a t i o n  e lectr ic  power for our  manned miss ions .  Within 

OART, w e  are working q u i t e  hard,  though, t o  b r i n g  a l o n g  the n u c l e a r  

power op t ion .  Our i n t e r e s t  i n  s t u d y i n g  the solar c e l l - u a t t e r y  

system for manned space  s t a t i o n s ,  a s  w e l l  as  the n u c l e a r  system 

option, i s  t o  better understand h o w  these t w o  o p t i o n s  re la te  t o  

each other and w h a t  the advan tages  of one w i l l  be over the other. 

Today w e  w i l l  hear abou t  one of the s t u d i e s  that I c o n s i d e r  perhaps 

the m o s t  d e f i n i t i v e  s t u d y  t h a t  has been done i n  the las t  5 years 

i n  looking  ai- t h e  use  of solar  ce l l  b a t t e r y  systems for the manned 

space v e h i c l e .  You c e r t a i n l y  w i l l  f i n d  a s  w e  go  t o  the higher 
I 

power l e v e l s  tha t  the solar cell  a r r a y  g e t s  q u i t e  large as m o s t  

of you w e l l  know. I n  one of the c o n f i g u r a t i o n s  tha t  y o u ' l l  hear 

d i s c u s s e d  today  y o u ' l l  f i n d  t ha t  w e  need 1900 sq. f t .  of array - 
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a t  l e a s t  that% the e s t i m a t e ,  t o  produce 5 k i l o w a t t s  of r e g u l a t e d  

power du r ing  the n i g h t t i m e ,  w i t h  a l i t t l e  over 8 k i l o w a t t s  du r ing  

the s a t e l l i t e  daytime. T h i s  i s  p a r t i c u l a r l y  impor tan t  tvtz.nen w e  

t h i n k  abou t  a 3 5  or 50 k i l o w a t t  p o w e r  system. I f  the same r a t i o  

a p p l i e s ,  it would mean t h a t  you would need a l m o s t  a half-acre of 

s o l a r  ce l l s  i n  space for these power l e v e l s .  So w e  are v e r y  

d e s i r o u s  of unders tanding  the i m p a c t  of these very l a r g e  areas 

both on the v e h i c l e  o p e r a t i o n  and the other p e n a l t i e s  a s s o c i a t e d  

w i t h  it. C e r t a i n l y  i n  a l o w  ea r th  orbi t  the f u e l  p e n a l t i e s  are 

s e r i o u s  i f  you want t o  s t a y  there for a long  pe r iod  of t i m e ,  The 

people f r o m  RCA w i l l  be g i v i n g  their f i n a l  report to NASA on a 

n i n e  month s t u d y  conducted p r i n c i p a l l y  d u r i n g  the la t ter  part of 

1966. Their  report  i s  o u t  - i t ' s  a three volume report - the 

f i r s t  volume b e i n g  the summary, w i t h  s u b s t a n t i a & l y  m Q r e  d e t a i l e d  

informat ion  for t e c h n i c a l  s p e c i a l i s t @  $n ' $he v a r i o u s  tqchnica?,  
- -  

areas tha t  are involved such  as  solar cell$,  katkes ies ,  and power 

c o n d i t i o n i n g  i n  volume t w o ,  and f u r t h e r  d e t a i l s  as  t o  w h a t  some 

of the assumptions w e r e  and suppor t ing  documentation i n  volume 

three. P re l imina ry  d i s t r i b u t i o n  of t h i s  report has been made b y  

the Manned Spacecraft Center  i n  Houston w h o  had r e s p o n s i b i l i t y  

for the t e c h n i c a l  d i r e c t i o n  of the s tudy .  Altogether,  I unders tand  

perhaps 40 or 50 copies of the report nave been d i s t r i b u t e d ,  I f  

a n y  of you af ter  r e f l e c t i n g  on it are t r u l y  d e s i r o u s  of having  a 
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copy of the report ,  i f  you f i n d  t h a t  you d o  n o t  have a copy or 

t h a t  your o r g a n i z a t i o n  does n o t  have 2 copy, please w r i t e  m e  a 

l e t te r  and  I w i l l  see that you g e t  a copy. I f  you are  i n t e r e s t e d  

i n  a s l i g h t l y  d i f f e r e n t  d i s c u s s i o n  of the s u b j e c t  t h a n  you w i l l  

g e t  today ,  one o r i e n t e d  m o r e  t o  a t e c h n i c a l  s o c i e t y  audience ,  

there a r e  t w o  papers d i s c u s s i n g  the  t e c h n i c a l  r e s u l t s  of t h i s  

s tudy  t h a t  w i l l  be g iven  t h i s  August i n  M i a m i  Beach a t  the I n t e r -  

s o c i e t y  Energy Conversion Engineer ing Conference i n  a workshop 

s e s s i o n  on p h o t o v o l t a i c s .  One of the papers i s  by  Mr. George Barna, 

w h o  w i l l  be one of our  speakers today ,  and w e  have extra copies of 

h i s  paper here €or those of you w h o  are i n t e r e s t e d .  I n  fact ,  I 

would sugges t  tha t  you r ead  through t h i s  one before you contempla te  

on d igg ing  i n t o  the f i n a l  report. Dan Mager, w h o  i s  our second 

speaker today, i s  co-author of a second paper - a companion paper 

t h a t  w i l l  also be g iven  a t  M i a m i  Beach. W e  do n o t  have copies of 

h i s  paper today  b u t  these can  be made a v a i l a b l e  t o  you i f  you 

would l i k e  t o  have t h e m .  R e l a t e d  t o  t h i s  o v e r a l l  q u e s t i o n  of 

solar ce l l  power systems for  manned space s t a t i o n s  and electric 

power systems i n  g e n e r a l  i s  some work tha t  Genera l  Dynamics/Convair 

i s  doing.  I have here their m i d - t e r m  s t a t u s  report d a t e d  June '67 

w h i c h  d i s c u s s e s  s o m e  of the tradeoffs of  the solar ce l l  battery 

system for the basic subsystem module d e f i n i t i o n  s t u d y  t h e y  are 

engaged i n .  I n  g e n e r a l ,  Houston has s p e c i f i e d  tha t  the RCA s t u d y  
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will f o r m  the basis €or the d e l i b e r a t i o n s  t h a t  General  Dynamics 

is doing i n  looking  a t  the overa l l  v e h i c l e ,  btlt General Dynamics 

h a s  inc luded  Some of t h e i r  own thoughts  in their report. The 

d i s c u s s i o n  this morning i s  separated i n t o  three parts. George Barna, 

w h o  i s  the Manager of S p a c e c r a f t  Systems, a t  the RCA Ast ro -E lec t ron ic s  

Div i s ion  h a s  par ts  one and t w o .  A f t e r  part  one w e  w i l l  have a 

short  b reak ,  and there w i l l  be coffee for  those tha t  desire it. 

Then w e  w i l l  come back and hear f rom George Barna once m o r e  and 

w e  w i l l  conclude the morning s e s s i o n  w i t h  a p r e s e n t a t i o n  by  Dan Mager. 

I'd l i k e  t o  i n t r o d u c e  George Barna a t  t h i s  t i m e .  I n  t e r m s  of 

q u e s t i o n s ,  I t h i n k  w e  w i l l  ae a b l e  t o  move a l o n g  better i f  w e  

w a i t  u n t i l  each  pa r t  i s  completed before a s k i n g  your ques t ions .  

The t w o  gentlemen f r o m  RCA have i n d i c a t e d  a w i l l i n g n e s s  t o  remain 

here t h i s  a f t e r n o o n  t o  t a l k  t o  any  of you w h o  want t o  d i s c u s s  the 

s u b j e c t  i n  m o r e  d e t a i l .  
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George Barna 

Thank you v e r y  much Arvin.  On behalf of RCA, I ' d  l i k e  t o  

express our a p p r e c i a t i o n  for t h i s  chance t o  t a l k  about  the s t u d y  

t h a t  w e  d i d  for  Houston. Your comment on half-acres of solar 

ce l l s  r e m i n d s  me of a u s e f u l  d e s i g n  c o n s t a n t  for the folks  t ha t  

are r e a l l y  t h i n k i n g  b i g  i n  the solar power b u s i n e s s ,  tha t  there 

are 2.3 acres of solar ce l l s  r e q u i r e d  per m e g a w a t t .  You m i g h t  

keep t h a t  i n  mind for f u t u r e  use.  

During t h i s  f i r s t  hour w h a t  w e  would l i k e  t o  cover are  the 

major t e c h n i c a l  d e t a i l s  of the s tudy  t h a t  RCA d i d  for Houston. 

We obv ious ly  c a n ' t  cover the  800 pages of the report i n  the 40 

minutes  t h a t  w e  have t h i s  morning. What I ' d  l i k e  t o  d o  i s  t a l k  

perhaps for the f i r s t  5 or 1 0  minutes  a b o u t  solar power i n  g e n e r a l  - 
w h a t  w e  know abou t  it, and w h e r e  the i n d u s t r y  s i ts  today  - t h e n  

take perhaps the l a s t  30 or 35 minutes  and p r e s e n t  the d e t a i l s  of 

one example t h a t  w e  d i d  a s  pa r t  of the Houston s tudy.  

L e t  m e  t h e n  g e t  s ta r ted  on the g e n e r a l  p o r t i o n  of the d i s -  

c u s s i o n ,  w i t h  a s t a t e m e n t  t h a t  I t h i n k  should be f a i r l y  non- 

c o n t r o v e r s i a l .  Solar power has c e r t a i n l y  been the backbone of 

both the NASA and A i r  Force space programs tha t  have been under- 

t a k e n  i n  the l a s t  t e n  years. As f i g u r e  1 i n d i c a t e s ,  solar cel l  

technology i s  w e l l  developed and w e l l  understood.  On t h i s  f igure ,  
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I have selected three examples t o  make it couple of important points. 

F i r s t  of all, together they represent the very wide gamut of scien- 

t i f i c  missions t h a t  have been successfully completed us ing  solar 

power. On the  f a r  l e f t  we have the planetary missions. These are  

significant because they  represent the r e l i a b i l i t y  that  you can get 

w i t h  solar power. Planetary missions are required t o  remain i n  

trans-fl ight €or many months before u s i n g  their  power. I n  the 

case of ,Mariner I V ,  t h i s  period was nine months before the main 

experiments were tu rned  on. Furthermore, i n  keeping track of 

Mariner I V ,  we've seen it come around for an additional two or 

three years of demonstrated power performance. There a re  other 

examples of re l iable  power systems i n  space. TIROS VII, for 

example, has recently completed four years i n  o rb i t  a t  f u l l  power, 

t a k i n g  into account the expected radiation degradation. There a re  

other examples of long-lived TIROS s a t e l l i t e s  w i t h  three years, 

two years and so forth. The main point, then i s  that  solar power 

has proven t o  >e rel iable .  

we have the Lunar O r b i t e r  shown a s  a second example. I notice 

tha t  we have some of the Boeing folks here. RCA d i d  i t s  share 

towards the success of the Lunar O r b i t e r .  However, the Orbiter 

i s  not shown because RCA had a part i n  it b u t  rather t o  demonstrate 

the point tha t  we're w e l l  along the way t o  a t  l e a s t  one facet of 

solar a r r a y  technology tha t  w i l l  be important when w e  s t a r t  t o  go 
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i n t o  the v e r y  l i g h t w e i g h t  a r r a y s .  Lightweight  a r r a y s ,  p a r t i c u l a r l y  

when used €or earth orbi ters ,  w i l l  be r e q u i r e d  t o  o p e r a t e  over  

v e r y  wide  tempera ture  swings. I f  w e  a r e  t a l k i n g  about  a r r a y s  of 

one-half  pound per  square  foot, for example, i n  a near ear th  orbit, 

w e  are t a l k i n g  about  tempera ture  swings t ha t  w i l l  go as  cold as 

perhaps  -15OoC up t o  perhaps  +60°, +70° or +8OoC, and it w i l l  d o  

t h i s  e v e r y  orb i t .  T h i s  i s  q u i t e  a r i g o r o u s  requi rement  on the 

a r r a y .  On the  O r b i t e r  program w e  have demonstrated t ha t  we  can  

b u i l d  an a r r a y  tha t  can go  between the l i m i t s  of -120° and +12o0C 

for perhaps a 1000 c y c l e s  dnd thdt’s w e l l  a l o n g  the way t o  s o l v i n g  

the problems t h a t  w e  t h i n k  w e  w i l l  have t o  face i n  the f u t u r e .  

The th i rd  program here, r e p r e s e n t i n g  the earth orbiter mis s ions ,  

i s  impor t an t  because it demonst ra tes  both a f a i l u r e  and a subsequent  

success .  One of the  problems t h a t  w e  w i l l  have t o  worry abou t  w i t h  

the v e r y  l a r g e  a r r a y s  i s  O r i e n t a t i o n  i n  space. On the Nimbus 

program shown here, there w a s  a f a i l u r e  t ha t  w e  w i l l  have t o  own 

up t o  i n  any  d i s c u s s i o n  on o r i e n t a t i o n .  The f irst  Nimbus l a s t e d  

o n l y  2 8  clays i n  space because of a f a i l u r e  i n  i t s  a r r a y  r o t a t i n g  

mechanisms. The  impor t an t  p o i n t ,  however, i s  t h a t  there w a s  a 

recovery from the f a i l u r e  and a s  of the l a s t  look the second Nimbus 

has performed w e l l  for over  1 4  months. So, w e  have a very impor t an t  

p o i n t  on the cu rve  t o  demonst ra te  t h a t  w e  can d e s i g n  reliable 

o r i e n t a t i o n  systems. 
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If  w e  take a look a t  a c lose-up  oE the Nimbus p a d d l e  on 

f i g u r e  2 , w e  can make a coup le  of other p o i n t s  abou t  the solar cell  

art. T h i s  p a r t i c u l a r  p a n e l ,  one of t w o  such u n i t s  used for Nimbus, 

m e a s u r e s  3 '  x 8 '  and i s  s i y n i f i c a n r  because i t  i s  a n  e x c e l l e n t  

b u i l d i n g  block for the v e r y  l a r g e  a r r a y  systems. You d o n ' t  b u i l d  

one l a r g e  a r r a y  area,  b u t  rather you b u i l d  many s m a l l  ones  and 

connec t  t h e m  t o g e t h e r .  The i m p o r t a n t  p o i n t  i s  tha t  w e  know h o w  

t o  b u i l d  these u n i t s  r e l i a b l y .  F u r t h e r ,  there e x i s t s  a s t r o n g  

i n d u s t r i a l  :lase. We have a solar cel l  i n d u s t r y  that can  produce 

enough solar ce l l s  t o  supp ly  75,000 t o  100,000 w a t t s  per year, and 

there are perhaps a dozen companies t ha t  can  produce a r r a y s  on a 

l a r g e  scale. W e  have the r e c e n t  example of the ATM program t o  

demonstrate  t h i s  p o i n t .  

Therefore, w e  a re  s t a n d i n g  here a n d ' s a y i n g  t ha t  w e  have some- 

t h i n g  %hat w e  understand v e r y  w e l l ,  t h a t  w e  have a good i n d u s t r i a l  

base, and w e  have a m p l e  demons t r a t ions  of  high r e l i a b i l i t y  - so 

what's the b i g  problem? W e l l ,  the b i g  problem is s ize  and i f  you 

w i l l  excuse my combining &n a s t r o n a u t  w i t h  the  f i e l d  of oceanography - 
the message on f i g u r e  3 i s  t h i s :  i f  you have a large power source  

tha t  has a lot of m a s s ,  a lot of  i n e r t i a ,  and a l o t  of d rag ,  you 

may n o t  be able t o  keep c o n t r o l  of your sh ip  the way you would l i k e  

to. T h i s  i s  fundamenta l ly  the problem w i t h  the v e r y  large power 

system. I f  w e  expand on t h i s  theme j u s t  a b i t  and broaden  our 
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. 
concept  o f  size  t o  i n c l u d e  a r e a ,  weight ,  and cost, a s  i n d i c a t e d  

i n  f i g u r e  4, you come up w i t h  fou r  fundamental  problems. You 

have a problem w i t h  o r i e n t a t i o n ,  you have a problem w i t h  deploy- 

ment, and you have t o  pay f u e l  p e n a l t i e s  t o  compensate for the 

v a r i o u s  s t a t i c  and dynamic p e r t u r b a t i o n s  t ha t  you have t o  contend 

w i t h .  But a s  we've i n d i c a t e d  on the bottom of the figure, a l l  of 

these problems can  be handled.  L e t ' s  t a k e  t h e m  one a t  a t i m e .  

Cons ide ra t ion  of the impact on weight  and cost d o e s n ' t  l e t  

you do  any th ing  other t h a n  o r i e n t  the large solar a r r a y .  You 

s imply c a n ' t  afford t o  p u t  three t i m e s  a s  much a r r a y  on the space- 

craft  a s  you need i f  you o r i e n t e d  the a r r a y .  J u s t  how bad i g  the 

problem of o r i e n t a t i o n ?  I have a l r e a d y  commented on the success 

i n  t h e  Nimbus program. Nevertheless ,  the problem of o r i e n t a t i o n  

seems t o  worry m o s t  people, a l l  e x c e p t  the guys i n  the black h a t s  

w h o  a r e  worrying abou t  Brayton and Rankine c y c l e  systems - they 

s e e m  t o  l ike t o  rotate  t h i n g s  v e r y  fast .  W e l l ,  i n  a d d i t i o n  t o  the 

Nimbus expe r i ence ,  w e  have ano the r  good p o i n t  on the curve from 

the OS0 program. OSO-1, for example, has demonstrated 16 months 

of f a i l u r e  free performance. I n  a d d i t i o n ,  there are a coup le  of 

A i r  Force s t u d y  programs - Lockheed has done one,  and Westinghouse 

has done a n o t h e r ,  w i t h  s i g n i f i c a n t  results. I t h i n k  the g e n e r a l  

f e e l i n g  of the i n d u s t r y  i s  t h a t  you c_an d e s i g n  reliable o r i e n t a t i o n  

hardware.  Our  own posture i n  the s t u d y  program tha t  we've done for 

Houston i s  t h i s  - yes, w e  r e c o g n i z e  it a s  a problem, b u t  we've seen  
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demonst ra t ions  khat the problem can be overcome. So, w e ' l l  t a g  it 

a s  a m a j o r  problem, and w e ' l l  t a g  it a s  a n  a r e a  t h a t  w e  want t o  

d o  a l o t  of development w o r k  i n  and w e ' l l  want t o  demonstrate  the 

r e l i a b i l i t y  JJY s p e c i a l  test  programs b u t  fundamental ly  o r i e n t a t i o n  

i s  noth ing  t o  shy away f r o m .  

A l r i g h t ,  l e t ' s  t a l k  about  the deployment problem. W e  c e r t a i n l y  

have s o m e  very  f i n e  examples of deployment i n  space.  I n  f i g u r e  6 

are the t w o  u i g g e s t  examples of systems deployed i n  space, b u t  

there are many others - the Nimbus program, the Lunar Orbiter pro- 

gram, the Ranger program, the Mariner program - the a r r a y s  i n  a l l  

of these programs have been deployed,  q u i t e  simply t h i s  is  t r u e ,  

b u t  n e v e r e t h e l e s s  t h e y  r e p r e s e n t  s i g n i f i c a n t  experience.  F igure  6 

s h o w s  the t w o  b i g g e s t  examples. Pegasus,  when extended,  measures 

14 '  x 96 ' .  R e f e r r i n g  t o  the Agena, I d o n ' t  r e a l l y  know h o w  many 

of these have f l o w n ,  and I c a n ' t  h o n e s t l y  t e l l  you there have been 

no failures i n  the deployment mechanism because the programs are 

c l a s s i f i e d .  But t o  the best of my knowledge t h e y  have worked reli- 

ab ly .  Furthermore,  t h e y  are going t o  be used on t h e  SERT I1 program 

and a l s o  f o r  s o m e  f u t u r e  miss ions  i n  the manned space program. 

So, our posture on the s t u d y  has been that  as  long  as  w e  u se  the 

s i m p l e  deployment mechanisms t h a t  have been s u c c e s s f u l l y  demonstrated,  

w e  can handle  the deployment problem. 
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Well, l e t ' s  then ta lk  about the l a t t e r  two problems i n  

f i g u r e  4 - they are coupled together - the problems of s t a t i c  

and dynamic interaction and the associated f u e l  penalties. I n  

the area of s t a t i c  perturbations f irst  - here w e ' r e  talking about 

the natural forces tha t  you're going t o  have t o  contend w i t h  i n  

o ra i t .  These are drag forces, solar pressure forces, gravity 

gradient torques and magnetic dipole torques. W e  have s ized  the 

problem i n  t e r m s  of i t s  impact on f u e l  penalt ies for the example 

that I am going t o  give you i n  a f e w  minutes. It is a significant 

problem from the standpoint of f u e l  penalty, b u t  it i s  not an over- 

powering problem. When you see some of the numbers for the fuel 

penalt ies,  you w i l l  agree tha t  s t a t i c  perturbations are  not an 

overpowering problem. 

T h e  dynamic problem i s  a l i t t l e  b i t  more complex. L e t  m e  

define quickly what I mean by the dynamic problem. You can picture 

that  you have two sy:-tems w i t h  individual personalit ies coupled 

together mechanically - an array tha t  wants t o  look a t  the sun and 

a spacecraft that  wants t o  look down a t  the earth. Each has i t s  

individual servo system trying t o  make it operate i n  i t s  fundamental 

mode. They are  coupled together mechanically, with a large realm 

of poss ib i l i t i es  re la t ing  t o  the nature of the mechanical coupling. 

The problem here is  the obvious one. When the array tries t o  

orient i t s e l f  t o  look a t  the sun, i t ' s  going t o  have a reaction 
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on the spacecraft which w i l l  t r y  t o  correct for the perturbation 

forces t h a t  the array has introduced. The reverse is  a l so  t r u e :  

when the spacecraft moves t o  orient i t s e l f  t o  the earth, it w i l l  

tend t o  disorient the array and couple perturbations in to  the 

array servo loop. T h i s  i n  e f f ec t  makes one big overall  servo 

loop that you have t o  contend with, and it has a large impact 

both from the standpoint of f u e l  penalties,which we don't fee l  is 

the major problem, and i n  the overall  system s t ab i l i t y ,  which w e  

feel i s  probably the major technical problem tha t  has t o  be looked 

a t  when you look a t  t h i s  e n t i r e  technical f i e l d .  T h i s  w i l l  be a 

problem tha t  Dan w i l l  take quite a b i t  of t i m e  t o  look a t  during 

the t h i r d  part of the presentation t h i s  morning. That's enough 

discussion of the general k i n d s  of th ings .  Let 's  t a lk  about a 

specific example. Tile d i d  for Houston a general purpose s tudy  

based on f a i r l y  general ground r u l e s  for 'both the mechanical and 

e l ec t r i ca l  requirements, t o  w h i c h  w e  configured an overall  power 

system. Figure 6 shows the major constraints tha t  w e  had t o  

consider d u r i n g  the course of the program of which the f i r s t  three 

are the most important. F i r s t  of a l l ,  w e  had t o  look a t  the 

adaptabili ty of the power system des ign  t o  missions tha t  would 

range from 200 nautical m i l e s  t o  synchronous a l t i tudes ,  with 

inclinations tha t  range r'rom 30° t o  polar. 

the complete spectrum, w e  looked a t  three specific examples: 

Rather than look a t  
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200 m i l e s  a t  30° and polar,  and synchronous a t  30°. 

major c o n s t r a i n t  w e  had t o  cons ide r  w a s  a one yea r  r e l i a b i l i t y  

goal of -995. W e  can s t a n d  here and t e l l  you abou t  the p e r f o r -  

The second 

mance of t w o ,  three and fou r  y e a r s  t h a t  have been achieved w i t h  

some s p a c e c r a f t ,  b u t  when you look a t  the a c t u a l  cases t h e y  w e r e  

n o t  designed t o  m e e t  these k i n d s  of r e l i a b i l i t y  factors, and when 

t h e y  w e r e  launched t h e y  had much lower p r e d i c t e d  r e l i a b i l i t y  

f i g u r e s .  When you have t o  d e s i g n  t o  a goal of .995 t h i s  becomes 

a f a i r l y  d i f f i c u l t  d e s i g n  problem. 

The t h i r d  major c o n s t r a i n t  w e  had t o  c o n s i d e r  w a s  the space- 

c r a f t  a t t i t u d e ,  w h i c h  w a s  r e q u i r e d  t o  f l y  belly-down. The re fo re ,  

whatever r equ i r emen t s  w e  came up  w i t h  for o r i e n t i n g  the array,  w e  

had t o  contend w i t h  the fac t  t h a t  the s p a c e c r a f t  would n o t  D e  much 

help i n  o r i e n t i n g  the t o t a l  system. W e  compensated for t h i s  by 

making the  d e c i s i o n  t o  o r i e n t  the a r r a y , i n  t w o  axes w i t h  respect 

t o  the s p a c e c r a f t .  The main a x i s  of o r i e n t a t i o n  r e q u i r e s  con t inuous  

t r a c k i n g  d u r i n g  each orb i t .  The second ax i s  has a p e r i o d  of one 

y e a r ,  and r e q u i r e s  v e r y  g r a d u a l  o r i e n t a t i o n .  

The other t w o  factors  on f i g u r e  6 simply summarize the other 

c o n s t r a i n t s  that w e  had t o  l i v e  w i t h ,  Within the c o n s t r a i n t s  of 

the LEM shroud,  w e  had t o  i n t e g r a t e  the power system t o  a Houston 

des igned  MMSS, which is  b a s i c a l l y  a large t u n a - f i s h  can 1 5  f t .  

i n  d iameter  and 8 f t .  high. W e  had t o  pack our  system i n  the 
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volume between the MMSS and LEM shroud. 

W e  approached the study actually i n  three steps, a s  shown 

i n  figure 7 .  I would l ike t o  show you or ie f ly  what w e  d i d .  

F i r s t ,  we had t o  design a system t o  m e e t  the basic requirements. 

O u r  procedure w a s  t o  take the basic power and orb i ta l  requirements ,  

and perform an energy balance study and s ize  the power system 

components. The problemwith t h i s  system i s  tha t  it doesn't have 

the kind of r e l i a b i l i t y  t ha t  we need,  of 0.995. Therefore, w e  

m u s t  enhance the system t o  bring it up t o  the 0.995 r e l i a b i l i t y  

s ta tus  a s  the second s tep i n  the process. Now, having defined 

fundamentally what we can c a l l  an electrical system, the th i rd  

par t  of the program i s  t o  look a t  a l l  the perturbation forces, to 

look a t  a l l  the mechanical considerations and f ina l ly  come up w i t h  

the t o t a l  system configuration, which then  determines the t o t a l  

system weight. 

What I would l i ke  t o  do t h i s  morning i s  walk you through t h i s  

process, w i t h  one single example. However, before you can actual ly  

get i n to  tradeoff s t u d i e s  and the actual  system design, you must 

make some fundamental decisions, re la t ing  t o  the problem of array 

r e l i a b i l i t y ,  ba t te ry  r e l i a b i l i t y  and the nature of the electronics 

system. Figure 8 shows that  i n  the area of the electronics system, 

there a re  r ea l ly  four ways you can  go. There are many, many, 

variations and i f  you look a t  a l l  the space programs and the n a t u r e  
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of  their  power systems,  there are probably  30 or 40 d i f f e r e n t  

v a r i a t i o n s .  But fundamental ly ,  they can a l l  be summarized i n t o  

the  four  categories, of b e i n g  either series or para l le l ,  and 

trackers or non- t rackers .  L e t  m e  d e f i n e  m y  t e r m s .  A t r a c k i n g  

system i s  a system w h e r e  you d e s i g n  a l i t t l e  b i t  of i n t e l l i g e n c e  

i n t o  your r e g u l a t i o n  loop such t h a t  you force the power source, 

i n  th i s  case the solar a r r a y ,  t o  operate a t  i t s  maximum power 
- 

p o i n t  and t r a n s f e r  maximum power for a s  long  as  the l o a d s  can  

suppor t  it. I n  effect  the system does n o t  c o n s t r a i n  the b u s  v o l t a g e ,  

b u t  allows it t o  assume whatever v o l t a g e  is r e q u i r e d  t o  t r a n s f e r  

maximum power. A non-tracking system on the other hand d o e s n ' t  

track the maximum power p o i n t ,  a u t  o p e r a t e s  over a narrow range  

of o p e r a t i n g  v o l t a g e  r e g a r d l e s s  of the c o n d i t i o n  of the array. I n  

t e r m s  of series and p a r a l l e l  systems, the main f u n c t i o n a l  e lement  

i s  i n  series between the  source  and the load for the series types, 

w h i l e  for the para l le l  types the main f u n c t i o n a l  e lement  i s  i n  

s h u n t  or para l le l  w i t h  the load. I n  the top example i n  f igure S 

w e  have r e g u l a t o r s  i n  series between the s o u r c e  and l o a d ,  and i n  

the p a r a l l e l  system i n  the t h i r d  example t h e y  are i n  p a r a l l e l  w i t h  

the loads .  I n  the tracker system, the series tracker is between 

the source  and load  and i n  the parallel  system they are  e s s e n t i a l l y  

i n  shun t ,  i n  t h i s  case f e e d i n g  the batteries. I n  order t o  select 

the o p t i m u m  system w e  went th rough both s u b j e c t i v e  and objective 

r e a s o n i n g  t o  select the system t o  s u b j e c t  t o  f u r t h e r  a n a l y s i s .  
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W e  f i r s t  looked a t  the r e l a t i v e  a r r a y  e f f i c i e n c y .  A r a t i n g  of 

1 .0  LS best and  a comparison of t w o  numbers g i v e s  you a r e l a t i v e  

idea  of the d i f f e r e n t  s izes  of a r r a y  r e q u i r e d  t o  suppor t  each 

system for  the same load requi rements .  For example, a r a t i n g  of 

1 .0  i s  15% bet ter  than  a r a t i n g  of 0.85 i n  t e r m s  of a r r a y  s i z e .  

W e  then  looked a t  each system i n  t e r m s  of baseline r e l i a b i l i t y .  

Remembering back t o  the scheme t h a t  w e  are  developing ,  each 

system w i l l  have an  i n h e r e n t  b a s e l i n e  r e l i a b i l i t y  f r o m  w h i c h  you 

b u i l d  up t o  the r e q u i r e d  r e l i a b i l i t y  of 0.995. The r e l i a b i l i t y  

numbers shown are those for the  baseline systems,  each capable 

of  supply ing  the miss ion  loads. The th i rd  column i n d i c a t e s  w h a t  

it takes t o  g e t  f r o m  the basel ine r e l i a b i l i t y  t o  the 0.995 

r e q u i r e d  r e l i a b i l i t y  i n  t e r m s  of the t o t a l  number of power modules. 

There a r e  other modules, such a s  c o n t r o l  modules, t ha t  are needed 

t o  complete the system, b u t  the power modules are the numbers t h a t  

a re  i m p o r t a n t .  Next w e  looked a t  s u b j e c t i v e  k i n d s  of t h i n g s ,  for 

example, system d i s s i p a t i o n .  What thermal loads do you pump back 

i n t o  s p a c e c r a f t ,  when u s i n g  each  of the systems? O t h e r  cons ide ra -  

t i o n s  w e r e  bus  v o l t a g e  e x c u r s i o n ,  and f i n a l l y  h o w  much r e d e s i g n  was 

n e c e s s a r y  t o  accommodate changes i n  miss ion  requi rements .  Now 

q u i t e  q u i c k l y ,  w e  e l i m i n a t e d  the  non- t racking  systems,  because  

for the w i d e  r ange  of mis s ion  r equ i r emen t s  that  w e  w e r e  t r y i n g  t o  

m e e t ,  w e  f e l t  t h a t  w e  needed the f l e x i b i l i t y  o f f e r e d  b y  a t r a c k i n g  
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system. F igure  8 shows t h a t  when you g e t  t o  choosing be tween 

a series and para l le l  t r a c k i n g  system, you almost have t o  pay 

your money and take your choice. P r i m a r i l y  on the basis of the 

r e l a t i v e  system e f f i c i e n c i e s ,  w e  selected the p a r a l l e l  tracker 

for Eurther  s tudy  a s  the b a s e l i n e  c o n f i g u r a t i o n .  

L e t ' s  t a k e  a look and p u t  s o m e  numbers i n  and see h o w  the 

system comes o u t .  F igure  9 summarizes the r e s u l t s  of this .  

Again a reminder ,  w e  a re  t a l k i n g  abou t  a b a s e l i n e  system t h a t  w i l l  

have a r e l i a b i l i t y  of abou t  42% for one y e a r ' s  ope ra t ion .  Looking 

a t  the d e t a i l s ,  f i r s t  w e  p u t  i n t o  the computer program the load 

requi rement ,  8 . 2  k i lowat t s  for daytime and 5 ki lowatts  for n i g h t -  

t i m e .  Roughly 1/3 of the load r e q u i r e s  AC power, w h i l e  the other 

2/3 r e q u i r e s  r e g u l a t e d  DC power. For the  moment, the factor 

i d e n t i f i e d  a s  r e s u p p l y  i s  n o t  s i g n i f i c a n t .  I w i l l  t a l k  la ter  abou t  

r e supp ly ,  The miss ion  a l t i t u d e  i s  200 n,mi. and the r a d i a t i o n  flux 

used i n  the a n a l y s i s  co r re sponds  t o  t h a t  a l t i t u d e .  

W e  have had t o  make s o m e  judgments based on a v a r i e t y  of 

t r a d e o f f s  by t h i s  t i m e  which I w o n ' t  go i n t o  i n  any d e t a i l  today ,  

such a s  s e l e c t i o n  of the solar ce l l  type ,  and s p e c i f i c a t i o n  of the 

s o l a r  a r ray  w e i g h t  d e n s i t y .  T h i s  l a t t e r  area i s  a subject a l l  i t s  

own. Based on the t radeoffs  between the thermal parameters and 

the mechanical  load parameters, w e  selected a n  array weight  d e n s i t y  

of 0.81 pounds per s q u a r e  f o o t .  T h i s  d e s i g n  a l lowed the array t o  
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s u s t a i i l  both the launch  l o a d s  and the loads imposed by  the SPS 

e i y i n e  f i r i n g  and docking loads, a l though  even w i t h  the selected 

system, w e  have t o  o r i e n t  the  panels  i n  a favored d i r e c t i o n ,  t o  

o p e r a t e  i n  a tension-compression load ing  mode, t o  wi ths t and  the 

SPS engine  f i r i n g  load. Thus, the system can s tand  a l l  the mechan- 

i c a l  l o a d s  w e  would e x p e c t  t o  see i n  o rb i t ,  w i t h o u t  having t o  

re t ract .  

Now,  having  d e f i n e d  our i n p u t  and our miss ion  r equ i r emen t s ,  

and having a l r e a d y  selected the form of the system, f i g u r e  9 

summarizes m o s t  of the in fo rma t ion  t ha t  comes o u t  from the system 

c a l c u l a t i o n .  The m o s t  i m p o r t a n t  f i g u r e  here i s  the t o t a l  system 

weight. For the specified m i s s i o n ,  w i t h  a 42% r e l i a b i l i t y  for one 

y e a r ,  w e  come up w i t h  a system weight  of 3862 pounds. T h i s  i n c l u d e s ’  

b a t t e r i e s  a t  1980 pounds, e l e c t r o n i c s  a t  489 pounds, and it t u r n s  

o u t  w e  need 1720 square  feet  of solar a r r a y  t o  s u p p o r t  the miss ion .  

Now t ha t  much a r r a y  g i v e s  you over 23 k i lowat t s  when it comes o u t  

of da rkness ,  w h i c h  p o i n t s  up the problem of thermal d i s s i p a t i o n .  

On the  ave rage ,  the a r r a y  produces 15.3 kilowatts.  Based on .81 

pounds per squa re  foot,  the a r r a y  weighs 1393 pounds. 

W e  now want t o  t a k e  a look a t  the n e x t  s t e p  of the a n a l y s i s .  

W e  want t o  take the b a s e l i n e  system and w e  want t o  improve i t s  

r e l i a b i l i t y  t o  .995. Looking a t  figure 10, the top l i n e  shows 

our  basic system, w i t h  42% r e l i a b i l i t y .  The d i f f e r e n c e  between 
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. 
the weight shown on 

c h a r t  i s  the weight  

t h i s  l i n e  and the w e i g h t  shown on the p rev ious  

t h a t  w e  have added t o  accoun t  for the boom and 

the o r i e n t a t i o n  system w h i c h  a r e  n o t  inc luded  i n  the computer 

program numbers. The t w o  numbers r e p r e s e n t  the s a m e  basic system. 

The  1720 squa re  feet  i s  shown here - the bat tery t y p e  i s  n i c k e l -  

cadmium and the numbers of e l e c t r o n i c s  modules are shown on the 

r i g h t .  Based on  the choices w e  made i n  the s i z i n g  of the i n d i v i d u a l  

components, the 30 b a t t e r y  modules r e p r e s e n t  5 parallel r o w s  of 

batteries,  30 cel ls  high, conf igu red  i n  modules of 5 cel ls  apiece. 

Now i n  order t o  improve t h i s  system t o  a system which has a re l ia-  

b i l i t y  of.995 w i t h  no r e s u p p l y  - i n  other words w i t h o u t  r e q u i r i n g  

the system t o  be supplemented beyond the i n i t i a l  l aunching ,  it 

t u r n s  o u t  t ha t  it is n e c e s s a r y  t o  supplement the basic system w i t h  

a n  a d d i t i o n a l  714 pounds of e l e c t r o n i c s  and batteries,  as shown by 

the second l i n e .  W e  d o  n o t  have t o  enhance the array because  w e  

have assumed tha t  b y  t a k i n g  i n t o  accoun t  the v a r i o u s  d e g r a d a t i o n  

f a c t o r s  and m u l t i p l y i n g  t h e m  l i n e a r l y  rather h a n d l i n g  t h e m  i n  any 

s o r t  of r . m . s .  f a s h i o n  the a r r a y  i tsel f  w i l l  be adequate  for the 

one year  miss ion .  

I n  the area of the bat tery,  it is  d i f f i c u l t  t o  come up w i t h  

meaningful ,  ha rd  r e l i a b i l i t y  numbers for the batteries. For our  

s t u d y  program, w e  s t u d i e d  a l l  the data t h a t  w a s  available f r o m  

Crane, f r o m  our own tests, and f r o m  other i n d u s t r i a l  sources .  
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Based on these d a t a  w e  p o s t u l a t e d  a c y c l e  l i f e  performance cu rve ,  

w i t h  c y c l e  l i f e  a s  a f u n c t i o n  of depth of d i scha rge .  By a n a l y z i n g  

the i n d i v i d u a l  d a t a  w e  genera ted  a gauss i an  d i s t r i b u t i o n  cu rve  

centered abou t  t h a t  performance curve.  W e  t h e n  d r e w  a second l i n e  

pa ra l l e l  t o  the o r i g i n a l  curve  through the minus 3 sigma perform- 

ance  p o i n t  on the series of d i s t r i b u t i o n  curves .  I canno t  reproduce 

a l l  the d e t a i l s  of r e l i a b i l i t y  a n a l y s i s  b u t  the specialists t e l l  

m e  t h a t  t h i s  approach r e s u l t s  i n  the predicted r e l i a b i l i t y  for a 

s i n g l e  b a t t e r y  c e l l  of 0.9987, and you w i l l  have t o  take m y  word 

for it. When you take the number f o r  the i n d i v i d u a l  ce l l  relia- 

b i l i t y  and work it i n t o  a t o t a l  system, w e  g e t  overall  perform- 

ance  f i g u r e s  t h a t  a re  compatible w i t h  our system needs.  The 

i n d i v i d u a l  r e l i a b i l i t y  numbers for the e l e c t r o n i c  u n i t s  a re  de r ived  

on the basis of c i r c u i t  e f f e c t i v e n e s s  and parts coun t ,  based on a n  

e v a l u a t i o n  of the parts t h a t  w e  a n t i c i p a t e d  would be u t i l i z e d  f o r  

the c i r c u i t s .  The numbers on the r i g h t  summarize the d e t a i l s  of 

the r e q u i r e d  r e l i a b i l i t y  enhancement. I n  the f i rs t  case you have 

t o  add t w o  u n i t s ,  for the i n v e r t e r s  you have t o  add f i v e  u n i t s  and 

i n  the t h i r d  case you have t o  add three u n i t s .  I n  the battery area 

three e x t r a  modules are r e q u i r e d ,  e q u i v a l e n t  t o  half  a s t r i n g ,  t o  

supplement the basic b a t t e r y  complement t o  a c h i e v e  the r e q u i r e d  

re 1 iab i  l i t y  . 
There are t w o  other system o p t i o n s  t ha t  c a n  be looked a t .  



L e t ' s  p o s t u l a t e  t h a t  you do n o t  q u i t e  have the necessary  launch 

c a p a b i l i t y ,  and w e  have t o  look for o t h e r  ways t o  g e t  the system 

up and s t i l l  main ta in  the basic rel iabi l i ty .  The obvious r o u t e  is  

resupply.  I f  w e  a r e  j u s t  a l i t t l e  bit overweight  w e  €!an launch a 

system tha t  weighs under 4400 pounds, which w i l l  be supplemented 

w i t h  an  a d d i t i o n a l  360 pounds 05 days later to  enhance the system 

t o  the r e l i a b i l i t y  that  w e  need. I n  t h i e s y s t e m  you end up w i t h  

the  same t o t a l  weight.  I t  is fundamental ly  the same r e s u l t  - 
w e  have j u s t  solved it a d i f f e r e n t  way. 

Now l e t ' s  p o s t u l a t e  t ha t  w e  are r e a l l y  strapped for weight  

and  have t o  do soniething f a i r l y  drastic.  L e t ' s  review the s e l e c t i o n  
I 

criteria for nickel-cadmium vs, s i lver :  cadmium s t o r a g e  batteries. 

The a n a l y s i s  that  w e  d i d  i n d i c a t e d  t h a t  up t o  around 2 ,000  n.mi. 

a l t i t u d e ,  the nickei-cadmium b a t t e r y  i s  a better bet than  s i l v e r -  

cadmium on the basis of cycle l i f e  cons ide ra t ions .  But tha t  d o e s n ' t  

r u l e  o u t  the use of silver-cadmium cells for these a l t i t u d e s .  

Therefore, w e  can  p o s t u l a t e  the use of silver-cadmium cells €or a 

m i s s i o n  of 200 n.miles,  resu l ' t ing  i n  a system of abou t  1000 pounds 

rather than  the roughly  2000 pounds w e  t a l k e d  abou t  for n icke l -  

cadmium cells. The problem is that f r o m  the s t a n d p o i n t  of the c y c l e  

d a t a  t h a t  we w e r e  able to accumulate ,  you have t o  re supp ly  the 

silver-cadmium batteries three times during the course of a one 

year: mission.  Which says that w e  have a l o t  of weight t'o put up 
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into orbi t ,  and we have to  p u t  the weight up i n  three launches. 

The advantage is  tha t  you only have to  laQch 3100 pounds, regard- 

less  of the to t a l  weight penalty paid for achieving the system 

re l iab i l i ty .  The number of 18 ba t te ry  mqdules for this option 

implies a lesser number of bat te ry  modules, b u t  it is based on the 

fact  t ha t  the basic silver-cadmium cell. tha t  we picked was 200 

ampere hours compared t o  approximately 120 ampere hours tha t  we 
., 

selected for the nickel-cadmium system. 

These then are three approaches that  can be taken t o  come up 

w i t h  a system which has the r e l i a b i l i t y  tha t  you require. Now 

tha t  we have a system w i t h  the required r e l i ab i l i t y ,  l e t ' s  look 

a t  some of the mechanical problems. One of the important mechanical 

design choices is the shape factor of the array. We looked a t  a 

large number of shape factors,  and f ina l ly  homed i n  on the two shown 

i n  f i g u r e  11 a s  being the most important shape factors t o  consider. 

The 2 shape is  a t t rac t ive  because it gives less  of a shadowing 

problem. However, the perturbations problems can be quite severe. 

The converse is true for the H shape factor,  which is  arranged 

close t o  the spacecraft. T h i s  can create a shadowing problem, but  

from the standpoint of perturbations you are  much be t te r  off.  

Figure 12 summarizes some analyses of the perturbation problem, 

which w e  have outlined from the standpoint of one 2 configuration 

and two different  aspect r a t io s  of the H,configuration. When you 
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look i n t o  the p e r t u r b a t i o n  forces t h a t  you have t o  p u t  up w i t h ,  

these are the numbers t ha t  r e s u l t .  The predominant f o r c e  of course 

i s  drag. For these miss ion  c o n s t r a i n t s ,  it w i l l  cost  about  1800 

.pounds of f u e l  i n  the course of 1 year .  I f  you look a t  the l i f t  

farces, r e e u l t f n g  Pram appropriate solar array attitudesl that c 

cause  l i f t ,  t hey  can cost ano the r  460 pounds of f u e l .  I f  you look 

a t  the g r a v i t y  g r a d i e n t  t o rques ,  i n  the case of the 2 c o n f i g u r a t i o n  
L, 

you have t o  worry about  g r a v i t y  g r a d i e n t  i n  both the p i t c h  and r o l l  

axes ,  and aga in  you have s o m e  f a i r l y  l a r g e  f u e l  p e n a l t y  numbers. 

For the H c o n f i g u r a t i o n  you have t o  worry about  g r a v i t y  g r a d i e n t  

on ly  a long  the p i t c h  a x i s  - you d o n ' t  have t o  worry about  it a long  

the r o l l  a x i s  because you have e s s e n t i a l l y  a balanced c o n f i g u r a t i o n  

about  t h a t  a x i s .  The o t h e r  p e r t u r b a t i o n s  - s o l a r  p r e s s u r e  and 

magnetic d i p o l e  - are q u i t e  small and i n s i g n i f i c a n t  when compared 

t o  the d rag ,  l i f t ,  and g r a v i t y  g r a d i e n t  'forces. When you ana lyze  
J 

the n a t u r e  of the v a r i a t i o n  of the l i f t  and g r a v i t y  g r a d i e n t  forces, 

it t u r n s  o u t  that  both forces are c y c l i c  i n  n a t u r e  a t  either the 

o r b i t a l  f requency or a t  a m u l t i p l e  of  t h e  orbi ta l  frequency. T h i s  

lends  itself to  the use  of momentum s t o r a g e ,  for example, t o  b a l -  

ance o u t  the c y c l i c  v a r i a t i o n s .  And i n  f a c t  the second set of 

numbers that  you see i n  f i g u r e  12 i n d i c a t e  j u s t  that. W i t h  

momentum s t o r a g e  w e  e s s e n t i a l l y  get  around the problems of compen- 

s a t i n g  for the lift p e r t u r b a t i o n s  and the pitch ax is  g r a v i t y  g r a d i e n t  
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p e r t u r b a t i o n s .  I t  cannot ,  however, compensate for the r o l l  ax i s  

g r a v i t y  g r a d i e n t  forces. The momentum storage system w i l l  weigh 

less than  100 pounds, i n c l u d i n g  a 35 pound r e a c t i o n  w h e e l ,  s o m e  

e l e c t r o n i c s  and a l i t t l e  b i t  of power to  power the system, So 

w e  are talking about a pretty good weight t radeoff .  Looking at 

the  r e s u l t s  then ,  t h e y  t e l l  u s  tha t  w e  do n o t  want t o  go the 

r o u t e  of the 2 c o n f i g u r a t i o n  b u t  rather w e  want t o  select one of 

the t w o  H c o n f i g u r a t i o n s .  When you look a t  the  t w o  choices, there 

* 

1 

is no d i f f e r e n c e  when you look a t  the a n a l y s i s  i n  f igure 13 ,  when 

momentum storage is used i n  both cases. Therefore ,  the choice must 

be made on the basis of other mechanical d e s i g n  parameters. When 

w e  s t a r t  t o  worry a b o u t  the SPS f i r i n g ,  docking load ,  and tha t  

sor t  of t h i n g ,  it t u r n s  o u t  that  the lower aspect r a t io  g i v e s  us 

a l igh ter  weight d e s i g n ,  and hence w a s  our choice. So tha t ' s  our 
: 

p e r t u r b a t i o n  s t o r y .  F igu re  13 shows w h a t  the system looks l i k e  

when you p u t  it a l l  together. I h a v e n ' t  commented on the f o r m  factors 

of the system packaging, b u t  w e  d i d  look a t  t w o  d i f f e r e n t  ways t o  do' 

it. You can  p o s t u l a t e  an  approach where i f  there are one of t w o  . 

basic manned mission modules, you can  store a l l  of your e l e c t r o n i c s  

and batteries i n s i d e  the modules and package the array between the 

manned modules and the shroud, This gives you many problems w i t h  

i n t e r f a c e s .  W e  ended up  f a v o r i n g  something that  w e  called the 

power system module or the PSM. This approach gives you a com- 
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p l e t e l y  i n t e g r a t e d  power system b u i l t  around an  a i r - l o c k  w h i c h  

i s  needed as  p a r t  of the system. The advantages a r e  t h a t  you end 

up w i t h  very  s imple i n t e r f a c e s  between the power system and the 
3 

basic module. You also have a good, and convenient ,growth capa- 

b i l i t y  a l lowing  us  to v i r t u a l l y  get t w i c e  a s  much power system 

w i t h i n  the volume specified t.0 us. So w e  ended up favor ing  t h i s  

approach. T h i s  means some i n c r e a s e  i n  the to t a l  program cost - 
you now have a complete s t r u c t u r e  des ign  t o  gene ra t e  and you have 

t o  des ign  a component housing and worry about  such t h i n g s  as  

thermal control which perhaps you wouldn ' t  worry abou t  i f  the p w e r  

system w e r e  part of an  overall  i n t e g r a t e d  module. W e  have a model 

here w h i c h  you can examine and w e  can ta lk  about  du r ing  the 

c o f f e e  break. 
V 

It s t i l l  remains t o  look a t  the shadowing problem t o  see 

h o w  seve re  it is. Figure 1 4  shows the mcidule a t  three sun angles 

and it g i v e s  you some perspective on h o w  the v e h i c l e  would shadow 
9 

the solar a r r a y .  W e  analyzed the shadowing problems j u s t  t h i s  

way and these are photographs of a small model tha t  w e  set up on 

a table w i t h  a l a m p  t o  s imula t e  the sun. W e  moved the l a m p  around 

w h i l e  w e  took photographs, and w e  analyzed the amount of  shadowed 

area by count ing  the squa res  t ha t  you can  see on the a r r a y .  B y  

count ing  squa res  a t  the v a r i o u s  angu la r  conf igura t ions ' ,  you can 

gene ra t e  a performance cu rve  of sun a n g l e  vs. the amount of 
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shadowing on the a r r a y .  When you do t h i s  you come up w i t h  the 

curve  on t o p  i n  f i g u r e  15 ,  which s a y s  that  as I vary  the sun 

a n g l e  f r o m  0 to 90° the  amount of shadow loss t h a t  I t a k e  and 

the e f f e c t i v e  amount of a r r a y  that  I have i l l umina ted  v a r i e s  i n  

t h i s  manner. However, there is  a compensating set o f  c o n d i t i o n s  

t h a t  you have going for you. It  t u r n s  o u t  t h a t  over the s a m e  v a r i a -  

t i o n  of sun a n g l e  the amount of sun t i m e  per  orbi t  i s  i n c r e a s i n g ,  
4 

~ so t h a t  for the 200 n a u t i c a l  m i l e  orbit  t h a t  w e  lookqj a t ,  the -- i 

t w o  c o n d i t i o n s  tend t o  compensate for each other and you g e t  the 

curve  on t h e  bottom, which e s s e n t i a l l y  s a y s  that for m o s t  of the  

sun a n g l e s  t h a t  you a r e  looking a t  t h e  power from the system i s  

v i r t u a l l y  cons t an t .  It  does tend  t o  go up j u s t  a l i t t l e  b i t ,  

t h e n  t ends  to f a l l  o f f  Over the l a s t  10  degrees, for sun a n g l e s  

g r e a t e r  than  80°. There are a number of ways that  you can  compensate 

+ for t h i s  f a l lo f f ,  such as j u s t  t u r n i n g  off some of the experiments  

du r ing  that  per iod.  Another s o l u t i o n  is t o  r o l l  the vehicle. 

Fundamentally it is n o t  as l a r g e  a problem for th i s  m i s s i o n  a s  w e  

had thought  tha t  it might be, and have not compensated for it i n  

t e r m s  of a l a r g e r  array. 

Let's summarize. Figure 16 summarizes the example that  we 

have j u s t  gone through-  S t a r t i n g  w i t h  our s o l a r  array, 1720 square 

feet, these are the v a r i o u s  e l e c t r o n i c s  components tha t  w e  talked 

about.  For example, here is the charger tracker that  forces the 
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a r r a y  t o  o p e r a t e  a t  i t s  maximum power p o i n t  a s  long  a s  the load 

can a c c e p t  the power. I n  each component block w e  have i n d i c a t e d  

the number of b a s e l i n e  u n i t s  and the number of s p a r e s  t h a t  a r e  

r e q u i r e d  for one year 's  ope ra t ion .  

w e  a r e  t a l k i n g  abou t  8.2 k i l o w a t t s  d u r i n g  the daytime and 5 k i l o -  

w a t t s  d u r i n g  the n ight t ime.  I n  the lower l e f t  c o r n e r ,  w e  show 
1, 

what the system w i l l  look l i k e  d u r i n g  launch. The array s e c t i o n s  

c a n  be seen i n  their fo lded  p o s i t i o n .  The orb i ta l  c o n f i g u r a t i o n  

i s  shown i n  the other view. The t o t a l  system weight is also summar- 

ized,. We've inc luded  the to ta l  f u e l  p e n a l t y  and a s  par t  of the 

system weight, based on us ing  momentum storage, The to t a l  system 

weight i s  6600 pounds, where I have i n d i c a t e d  t h a t  t h i s  i s  less tkr! 

s t r u c t u r e  weight. we l e f t  the s t r u c t u r e  weight o u t  because the 

airlock i s  n o t  de f ined  a t  t h i s  po in t .  I f  you want a t o t a l  picture, 

a good estimate for the s t r u c t u r e  weight would be a b o u t  15% of the 

power system weight. To r e a l i s t i c a l l y  e v a l u a t e  the power system, 

you s h o u l d n ' t  p e n a l i z e  it for the s t r u c t u r e  weight t o  get i t s  

tota 1 per f ormance . 

J 

W e  have oroken the weight numbers down, t o  understand w h a t  

w e  have, w h i c h  I 've  tried to  show i n  f i g u r e  17. I f  you take the 

numbers i n  f i g u r e  16, for example, the array, which w e  s a i d  w a s  

some 1500 pounds and could  produce 15.kilawatts on the average, 
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the a r r a y  weighs abou t  100 pounds per k i lowa t t .  S i m i l a r l y ,  i f  

you go through a l l  the other components, the b a t t e r y  works o u t  

t o  be 390 pounds per k i l o w a t t ,  and so forth as shown i n  f i g u r e  17. 

For +,he batteries, t h i s  is a t  f i r s t  g lance  a n  odd k ind  of number, 

since w e  normally t h i n k  of b a t t e r i e s  i n  terms of pounds per kilo- 

watt-hour or ampere-hour, b u t  for our purposes here th i s  number 

is  worked o u t  i n  t e r m s  of kilowatts rather than  ki lO~at t -hOUrS,  
.L 

based on 5 ki lowatt  n igh t t ime  load .  For the charger tracker and 

power cond i t ion ing ,  here the numbers are based on the weight of 

the basic u n i t s  i n  a d d i t i o n  t o  the u n i t e , t h a t  are requ i r ed  t o  - 
enhance the r e l i a b i l i t y .  So that  even though the f i g u r e  of 90 

pounds per k i lowat t  may s e e m  on the high s i d e  t o  you, t hey  are 

e q u i v a l e n t  t o  a per  u n i t  weight on the order of 25 t o  30 pounds 

per k i l o w a t t  which is more or less c o n s i s t e n t  w i t h  c u r r e n t  

p r a c t i c e .  W e  have a l so  taken  the t o t a l  f u e l  p e n a l t y  and p ro ra t ed  

it on the basis of the t o t a l  a r r a y  c a p a b i l i t y  of 1 5  kilowatts. 

Now l e t ' s  take the system and l e t ' s  break it i n t o  t w o  p a r t s ,  i n t o  

one p a r t  tha t  w e  t e r m  daytime loads  and a second tha t  w e  c a l l  

n ight t ime loads.  W e  w i l l  break o u t  the power cond i t ion ing  

s e p a r a t e l y .  For 8 .2  kilowatts of daytime load a t  the r e g u l a t e d  

bus  the system w i l l  e f f e c t i v e l y  weigh the sum of the daytime and 

power cond i t ion ing  blocks. For the 5 kilowatts a t  n igh t t ime  the 

system w i l l  weigh the sum of the n ight t ime and power c o n d i t i o n i n g  
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blocks. The X ' s  i n  the upper tables identify which components 

re la te  t o  the daytime loads and  t o  the n i g h t t i m e  loads. It t u r n s  

out that  when you look a t  the system t h i s  w a y  the dayt ime system 

to  provide 8 . 2  kilowatts works out t o  be about 2 . 8  watts per pound: 

the n i g h t t i m e  on the other hand, works out t o  be about 1.1 watts 

per pound. The  to ta l  system is a l so  close t o  1.1 watts per pound. 

Actually, the nighttime number alone i s  a shade over 1.1 watts per 

pound. I f  we look a t  the t o t a l  system weight without the f u e l ,  

the figure increases to  1 . 5  w a t t s  per pound. Comparing t h i s  co 

a reactor-thermoelectric system which i s  one of the competing 

systems for t h i s  power range, the k i n d s  of performance f i g u r e s  tha t  

were presented a t  Lewis l a s t  Fall  were 1000 t o  1500 pounds per 

kilowatt for a man rated reactor-thermoelectric system. So our 

system i s  i n  the b a l l  park even when we include the fuel penalties. 

Dur ing  our s t u d y  we rea l ly  t r i e d  t o  st ick t o  things tha t  are 

consistent w i t h  the sor t s  of t h i n g s  w e  can do today. I f  we go one 

s tep f u r t h e r  there are  perhaps one or two improvements tha t  you 

might look for i n  the not too d i s t a n t  f u t u r e .  W e  can take a look 

a t  the array,  and postulate t h a t  we can certainly look forward t o  

perhaps 50 pounds per kilowatt - remembering tha t  when you are  

looking a t  50 pounds per kilowatt or 20 watts per pound, w e  may 

not be able t o  make it work for t h i s  mission because of thermal 

or strength parameters b u t  l e t ' s  assume that  w e  can make it work 
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for our mission. L e t ' s  a l so  assume tha t  w e  can  take silver- 

cadmium bat te r ies  and improve their  cycle l i f e  so that  they 

become competitive a t  the low a l t i t u d e s  that  we looked a t .  When 

you go through the same analysis as  i n  figure 1 7 ,  the analysis 

summarized i n  figure 18 results.  The table here i s  exactly the 

same a s  i n  the previous c a r t .  When you go through the numbers, 

there i s  a modest improvement i n  the daytime system, t o  3.4 watt 

per pound. For n igh t t ime  there i s  a f a i r l y  significant improve- 

ment t o  1 . 7  watts per pound, and w i t h  or without f u e l  the system 

performance is becoming quite a t t ract ive.  T h i s  completes about 

a l l  I can r u n  through i n  the available t i m e ,  although it seems 

I ' m  f ive minutes ahead of t i m e .  I guess the best thing t o  do is  

ask for questions a t  t h i s  point. 

During the f i rs t  hour w e  have talked about the technical 

de t a i l s  of what a typical large manned mission solar power system 

might be. As f i g u r e  19 indicates, what w e  would l ike  t o  ta lk  about 

for the next  20 minutes t o  one-half hour, i s  what w e  might look for 

i n  t e r m s  of the t o t a l  program schedule, and the t o t a l  program cost. 

L e t ' s  look f i r s t  a t  the overall  program schedule shown i n  

f igure 20.  As part  of the s tudy,  w e  looked a t  what it would take 
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t o  go f r o m  the system concep t s  t h a t  w e  have t a l k e d  abou t ,  through 

d e s i g n ,  t o  a f l i g h t  accep tance  tested piece of hardware. When w e  

p u t  all the tasks together it comprises a 3 9  nonth  program. W e  

have d iv ided  the program i n t o  f o u r  phases, c o n s i s t e n t  w i t h  the 

way w e  would develop  such a program a t  RCA. B a s i c a l l y  the f i rs t  

phase i s  fundamental ly  the paper d e s i g n  phase, and i s  9 months 

long. T h e  o u t p u t  f r o m  t h i s  phase w i l l  be a set of d e t a i l e d  

drawings r e a d y  for f i r s t  p i e c e  f a b r i c a t i o n  release, a set of 

d e t a i l e d  performance and procurement s p e c i f i c a t i o n s ;  test  p l a n s ,  

t e s t  procedures ,  test  s p e c i f i c a t i o n s :  and d e s i g n s  for the v a r i o u s  

pieces of hand l ing  and t es t  equipment which are  a v e r y  s i g n i f i c a n t  

p o r t i o n  of a program l i k e  t h i s .  During t h i s  phase, w e  would a lso 

e x p e c t  the c i r c u i t  d e s i g n  e n g i n e e r s  t o  breadboard their c i r c u i t s  

t o  prove t h a t  the c i r c u i t s  w i l l  do  w h a t  t h e y  w e r e  des igned  t o  do. 

I n  the  area of bat ter ies ,  s i n c e  w e ' r e  r e a l l y  d e s i g n i n g  around 

b a s i c a l l y  a new p roduc t  and w e  d o n ' t  have a g r e a t  d e a l  expe r i ence  

w i t h  bat ter ies  of t h i s  s i z e ,  w e  would c o n t r a c t  the b a t t e r y  manu- 

facturers t o  d e s i g n  the ce l l  and the f i rs t  r u n  of these cells 

.should be p u t  th rough c h a r a c t e r i z a t i o n s  tests. I n  the area of 

the solar a r r a y  development,  w e  mentioned t ha t  w e  w e r e  q u i t e  con- 

cerned a b o u t  the very large temperature swings on the a r r a y  that  

may go a s  c o l d  as  -150 and up  t o  +7OoC. During phase I ,  w e  would 

b u i l d  s e c t i o n s  of the array and put t h e m  th rough  extended c y c l i n g  
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programs to  verify tha t  the solar ce l l  interconnections and method 

of bonding the c e l l s  t o  the array substrate, and i n  fact  the sub- 

s t r a t e  i t s e l f ,  are compatible w i t h  those temperature extremes. 

From t h i s  phase then we gain a good d e a l  of knowledge and confi- 

dence, prior t o  committing the design for hardware fabrication. 

Going t o  the other end of the program spectrum the prototype and 

f l i gh t  hardware a r e  basically one and the same, w i t h  no r ea l  

difference except tha t  the prototype w i l l  be stressed t o  perhaps 

one and a half t i m e s  the l e v e l s  t o  be seen by the  f l i gh t  hardware. 

B u t  basically they are handled and b u i l t  the same way, and are not 

rea l ly  hardware tha t  the engineer can t u r n  knobs on. The engin- 

eering t e s t  model therefore is  the hardware tha t  bridges the des ign  

phase and w h a t  w e  might c a l l  the formal hardware phase, and i s  i n  

fac t  rea l ly  a learning phase, where the engineer w i l l  be able t o  

t u r n  knobs and make changes, before f ina l ly  making a release for 

prototype and f l i g h t  hardware. I ' d  l ike t o  point out one thing 

on the schedule, It looks l ike  w e  have a great deal of overlap 

b u i l t  in to  the schedule, b u t  it is  rea l ly  not a s  bad a s  it looks. 

The overlap is  intended t o  show that  there are some f a i r l y  long 

lead procurement and parts accumulation cycles. We are  talking 

about many, many piece par ts  w h i c h  w i l l  take a long t i m e  t o  

accumulate. However, the schedule is  based on not beginning 

fabrication of the prototype before the tes t ing of the engineering 
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t e s t  model is  fabricated, had been f a i r l y  w e l l  wrung out i n  t e s t  

programs and had been design reviewed. 

occurs somewhere around the 20th or 2 1 s t  month i n  the case of the 

solar array. The same constraints ex is t  between the prototype and 

f l i g h t  u n i t s ,  where w e  w a i t e d  u n t i l  the bulk of the prototype t e s t i n g  

w a s  completed before w e  in i t ia ted  the fabrication of the f l i g h t  

The prototype release point 

mode 1 hardwar e , 

Let’s  look a t  two of the major component problems that  w e  have 

to  contend w i t h  i n  terms of lead t i m e s .  I should have mentioned 

d u r i n g  the f i r s t  t a l k  tha t  one of the tradeoffs tha t  w e  looked a t  

was which k ind  of solar c e l l  should w e  use on the program? We 

looked a t  tradeoffs between 2 centimeter x 2 centimeter, 2 centi- 

meter x 3 centimeters, and 3 centimeter x 3 centimeters solar 

cel ls .  We looked a t  whether the solar c e l l s  should be 15 m i l s  

thick, 10  m i l s  thick, or 8 m i l s  thick. We looked a t  whether the 

ce l l s  should use wrap-around contacts or conventional contacts, 

From the various tradeoffs which w e  looked a t  from the standpoint 

of program costs, from the standpoint of system weight, from the 

standpoint of packing factor,  w e  ended up w i t h  the recommendation 

tha t  the c e l l  t ha t  we would recommend would be the 2 cm x 3 cm 

solar c e l l ,  10 m i l s  thick,  w i t h  conventional contacts. The number 

on the chart re la tes  t o  the t o t a l  number of 2 c m  x 3 c m  solar cells 

tha t  a re  required, to ta l l ing  320,000 solar c e l l s  tha t  w e  would have 
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t o  procure for the en t i re  program. I n  t e r m s  of equivalent quantit ies 

of 2 em x 2 cm ce l l s  w i t h  which most people a re  calibrated, th i s  

quantity i s  the equivalent of about 500,000 2 cm x 2 c m  solar ce l l s .  

So we're t a l k i n g  roughly one year 's  time t o  accumulate approximately 

500,000 equivalent 2 c m  x 2 cm solar cel ls .  I f  you break th i s  down - 
and l e t  m e  stay w i t h  the 2 x 2 cm cell  equivalent for looking a t  the 

delivery r a t e  - assuming a lead t i m e  t o  f i r s t  piece delivery of 4 

t o  6 weeks and some appropriate build-up r a t e  - w e  are  talking 

about delivery of solar ce l l s  a t  the ra te  of 12,000 t o  15,000 solar 

ce l l s  per week. T h i s  i s  a healthy ra te  of delivery. Nevertheless, 

a s  of today, I can t e l l  you it can be done because it is  being done 

for the ATM program. 

I f  we ta lk  about panel delivery rates ,  the numbers are  perhaps 

not quite a s  s t r i k i n g  a s  the solar c e l l  delivery r a t e ,  b u t  remember 

tha t  we are  talking about producing about 5,000 square fee t  of 

array for the three systems. We assumed tha t  two sections of the 

t o t a l  array would be adequate for the engineering test model, and 

for the prototype and f l i g h t  systems we would cer ta inly bui ld  the 

to t a l  area of the array system, a s  a l l  four sections. So w e  a re  

talking roughly about 5,000 square fee t  of panel area. When you 

break th i s  figure down, t h i s  means approximately 100 square feet 

of solar array per week. Since we' recommended basic building 

blocks of about 6 square fee t  we are  t h u s  talking about delivering 
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16 modules a week. Considering that the delivery r a t e  of panels 

i s  a lso the r a t e  a t  which we have t o  fabricate l ive  solar panel 

area, t h i s  says  t ha t  every w e e k  w e  are  going to deliver the 

equivalent array area of two N i m b u s  spacecraft, w h e r e  each Nimbus 

i s  about 50 square feet .  This then s i zes  some of the major delivery 

and manufacturing problems. Looking a t  even th i s  level of technical 

and schedule de t a i l ,  it i s  f a i r l y  obvious tha t  a large amount of 

t e s t  equipment i s  required t o  support a program of t h i s  size. 

Let ' s  look a t  the cost  for the t o t a l  program, shown i n  

figure 21. The t o t a l  cost  for the program w e  have estimated a t  

33.8 million dollars,  w i t h  the costs distributed in to  the four 

program phases as  shown. Arvin w i l l  argue w i t h  the t o t a l  cost  

reflected here - he thinks tha t  it is too high and perhaps he ' s  

r ight .  There i s  some indication that  a t  l ea s t  i n  the area of the 

solar array, we can make some savings and perhaps g e t  the number 

down t o  30 million. L e t  m e  make one other point. W e  a re  talking 

here of the costs of the t o t a l  PSM system. This means tha t  i n  addi- 

t ion to  the fundamental power components w e  are going t o  build a 

very large structure,  including a component housing with its thermal 

controller.  It also means w e  a re  talking about integrating a l l  of 

the components into a t o t a l  system and tes t ing the t o t a l  u n i t  a s  

an integrated power system. The cost  figure tha t  I would l ike  t o  

c a l l  your attention t o  i s  the one for phase 4, because t h i s  i s  the 
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r e p e a t  cost for one f l i g h t  system, 9.35 m i l l i o n  dollars.  I f  w e  

gene ra t e  a f i g u r e  for the average  p o w e r  c a p a b i l i t y  for the p o w e r  

system, w e  come up w i t h  7 k i l o w a t t s ,  based on a c a p a b i l i t y  of 

provid ing  8 .2  k i l o w a t t s  d u r i n g  the daytime and 5 k i l o w a t t s  d u r i n g  

the n ight t ime.  I f  you are i n t e r e s t e d  i n  a figure of m e r i t  for the 

cost ,  it t u r n s  o u t  t o  be abou t  $1300 a w a t t  for repeat orders of 

the power system a f t e r  t he  engineer ing  des ign  i s  pa id  for. That 

price would be the same for the second, the th i rd ,  and the f o u r t h  

u n i t .  However, i f  you orderpd 100 systems, w e  could probably w o r k  

o u t  a n i c e  p r i c e  break.  

L e t ' s  look a t  the cost a l i t t l e  d i f f e r e n t l y .  L e t ' s  f irst  

i d e n t i f y  the major system e l e m e n t s  f r o m  the des ign  p o i n t  of view, 

shown i n  f i g u r e  22. There a r e  four components t ha t  feed i n t o  this  

t h i n g  tha t  w e  have called the system; the e l e c t r o n i c s ,  the battery, 

and the a r r a y  which w e  have broken i n t o  t w o  component groups,  There 

i s  the a r r a y  proper, which i s  the act ive a r r a y  area w h i c h  i n t e r -  

faces w i t h  the boom. Then there is  the deployment and o r i e n t a t i o n  

system w h i c h  i n c l u d e s  the boom, a l l  the r o t a t i n g  components and the 

e l e c t r o n i c  s e r v o  which i s  r e q u i r e d  t o  o r i e n t  the a r r a y  system. 

A l l  of the components f i t  i n t o  the l a r g e  s t r u c t u r e ,  which 

i n c l u d e s  a the rma l ly  c o n t r o l l e d  compartment for the e l e c t r o n i c s  

and batteries. Therefore, w e  have t o  d e s i g n  a s t r u c t u r e  around 

a n  airlock that  would be furn ished:  a lso the component housing,  and 
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f i n a l l y ,  harnessing, patchboards and other common elements. Then 

it i s  required to  t e s t  t h i s  completely integrated system. This i s  

quite a sizable task. 

I f  we look a t  the cost tha t  pertains to  a breakdown by a 

major system elements, the costs break down a s  shown i n  figure 23. 

I 've  added a s ix th  element t o  account for the cost of the Project 

Management Office. The s i n g l e  biggest cost  item i s  obviously the 

array, which i s  half the to t a l  cost of the program. I f  I s t a r t  

w i t h  the smallest item, the PMO costs account for 5% of the t o t a l  

program cost. T h i s  i s  a reasonable number based on past practice, 

To explain the battery costs,  l e t  me indicate roughly what has t o  

be produced. We need three complete systems complements of bat ter ies .  

I f  we are  t a lk ing  about 33 battery modules per system, and i n  addi- 

t ion we have to  include some spares, we are  talking about a t o t a l  

number of battery modules t o  be produced of over 100 u n i t s .  The 

costs shown i n  the  chart re f lec t  t h i s  level of production. 

I n  the area of the deployment and orientation costs,  we have 

a couple of major technical problems tha t  require some rather 

elegant t e s t  programs. For example, we have t o  demonstrate 

r e l i a b i l i t y  of the s l i p  r i n g s ,  and the various rotat ing components, 

W e  propose tha t  special t e s t  programs be run t o  evaluate the 

rotat ing components for long periods of t i m e  i n  vacuum t o  demon- 

s t r a t e  their r e l i ab i l i t y .  
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I n  the area of e l e c t r o n i c s ,  the total  cost 

a m i l l i o n  dol lars  per phase,  w i t h  an  a d d i t i o n a l  

breaks o u t  as  roughly 

quar te r -of -a -mi l l ion  

do l la rs  i n  each of the second and third phases for tes t  equipment 

and f a c i l i t y  costs. W e  must develop t e n  unique d e s i g n s  of elec- 

t r o n i c  modules, w h i c h  w i l l  r e s u l t  i n  a t o t a l  of about  30 black boxes 

per  system, w i t h  a complete complement requ'ired f o r  each of the 

three program phases. The t o t a l  electronics complement w i l l  weigh 

about  1,000 pounds. Therefore, a l t o g e t h e r  w e  a r e  t a l k i n g  abou t  

approximately 3,000 pounds of e l e c t r o n i c s .  T h i s  works o u t  to 

abou t  1,000 dollars per pound of e l e c t r o n i c s  i f  t h a t  f i g u r e  means 

, anyth ing  t o  anybody. 

Coming back t o  the system aga in ,  the costs inc lude  the basic 

s t r u c t u r e  des ign ,  the component housing des ign ,  and it i n c l u d e s  

looking a t  the system des ign  p a r t i c u l a r l y  i n  r e l a t i o n  t o  i t s  

dynamic i n t e r a c t i o n  w i t h  the spacecraf t :  It i n c l u d e s  i n t e g r a t i n g  

the components i n t o  the system, and t e s t i n g  the e n t i r e  assembly 

then  as a complete system. If you ' re  i n t e r e s t e d  on ly  i n  a power 

supply  c o s t , p e r h a p s  on ly  a m i l l i o n  do l la rs  of the 6.2 m i l l i o n  

dol lars  noted here i s  r e a l l y  a s s o c i a t e d  a s  power supply cost. 

The remaining do l la rs  r e s u l t  f r o m  the i n t e g r a t e d  system approach. 

Therefore, f r o m  the s t a n d p o i n t  of a pure  power supply  cost, the 

to t a l  program cost i s  perhaps. 5 m i l l i o n  dol lars  or so less than  the 

33.,8 m i l l i o n  dol lars  that  w e  p r e v i o u s l y  reported. 
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L e t ' s  now look a t  the array cost. L e t ' s  first i d e n t i f y  

what I'm talking about when I ta lk  about the solar array. 

Figure 24 shows the solar array as  I 've  de f ined  it. During the 

launch mode it is  a l l  folded together a s  shown i n  the top view. 

The center view shows the array as it unfolds. The bottom view 

shows the unfolded assembly. There are four sections i i ke  the one 

shown i n  the figure, t o  comprise a t o t a l  array system, The dimen- 

sions for an unfolded section run  approximately 17 x 28 feet. 

Each section is  made up of 10 panels which a re  i n  t u r n  made up 

of 8 modules, each about 6 square feet .  Therefore, we are  talking 

about panels tha t  are  approximately 48 square feet ,  and each sec- 

t ion is  about 480 square feet .  Let me now define what w e  recom- 

mended for each of the three hardware phases. For the engineering 

model you don't  have t o  b u i l d  the complete system of four sections. 

We f e l t  tha t  w e  could derive adequate engineering information of 

the type we needed w i t h  only two sections. A t  the same t i m e  you 

don't have t o  have array panels, complete w i t h  solar cells. We 

f e l t  tha t  dummy panels using glass or aluminum chips t o  simulate 

the solar c e l l  would be adequate for engineering tests. You do 

have t o  b u i l d  one or two l ive  panels to characterize the compliance 

and some of the other important character is t ics  of the panel, b u t  

other than that ,  and a desire to  vibrate a l i ve  panel, you can 

effect ively use dummy components. Similarly, for the prototype w e  
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t h i n k  you should b u i l d  one completely l i v e  s e c t i o n ,  b u t  w e  f e l t  

t h a t  the other three sections could a l s o  use  dummy components. 

The f l i g h t  model obvious ly  has t o  be fou r  l i ve  s e c t i o n s .  L e t ' s  

look a t  the costs, shown i n  f igure 2 5 .  S t a r t i n g  a t  the f l i gh t  

model  end of the program, w e  need t o  produce abou t  1900 square  feet 

of a r r a y ,  t o  w h i c h  must be added s o m e  process rework requirements ,  

W e  assumed a u n i t  cost of $2800 per square  foot for b u i l d i n g  the 

a r r a y .  L e t  m e  i d e n t i f y  w h a t  t ha t  number means. It pays for a l l  

the materials such a s  solar cells ,  g l a s s ,  adhesives, and the i n t e r -  

connect ion s t r ip ,  and for .the complete f a b r i c a t i o n  process to  

produce f i n i s h e d  a r r a y  s e c t i o n s .  Although our estimate here i s  

$2800 a square  foot,  for the r e c e n t  ATM procurement the winning 

price w a s  closer t o  $2100 a square  foot, acco rd ing  t o  a n  u n o f f i c i a l '  

c a l c u l a t i o n .  I r a n  o u t  i n  a s l i d e  r u l e ,  d i v i d i n g  t o t a l  ATM prices 

by the t o t a l  number of square  feet tha t  w e r e  be ing  produced. There- 

fore, a 2 0  - 25% saving  i n  a r r a y  f a b r i c a t i o n  costs i s  reasonab le  

t o  p o s t u l a t e  for th i s  m o d e l .  However, the to t a l  cost tha t  w e  have 

generated i s  based on $2800  a square  foot for l i v e  pane l s .  When 

w e  looked a t  the p r o t o t y p e  c o s t i n g ,  w e  f e l t  tha t  s i n c e  the first 

t i m e  through the f u l l  p roduc t ion  cycle, it would be a l i t t l e  b i t  

m o r e  expensive,  and w e  assumed a cost of $3500 a square  foot t o  

produce the p ro to type  solar a r r a y ,  f o r  the one l i v e  s e c t i o n  only.  

For the dummies for both the p r o t o t y p e  and for the eng inee r ing  
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test  model hardware w e  u s e  the number of $1400 a square foot. 

Using these numbers, i n  the case of the engineering test 

model, i f  you multiply the t o t a l  array area t h a t  w e ' r e  producing 

about a thousand fee t  by $1400 a square foot, you come out w i t h  

roughly half  the cost  of the to t a l  cost  of the engineering test  

model array hardware. The remaining dollars go in to  such th ings  

a s  test  equipment, engineer ing  development and factory follow 

and other similar cost  elements. The r a t i o  of array manufacturing 

costs t o  the t o t a l  array costs goes up i n  the remaining elements 

of the program. For the prototype, the array production costs 

a r e  about 75% of the cost  of the array program, w h i l e  for the 

f l i g h t  hardware, the  production 'costs a re  about 85% of the array 

costs. I n  summary then ,  t h i s  i s  the way tha t  the costs break down 

a s  we developed them, and the t o t a l  cost  for the array again, is 

16.1 million dollars.  

I f  w e  again take a look a t  the 9.35 m i l l i o n  dollars,  which 

we have previously noted a s  the repeat cost  for one f l i gh t  system, 

figure 26  shows the way the costs break down by component. The 

array again hogs the l i on ' s  share of the costs, comprising about 

2/3 of the t o t a l  PSM costs.  The remaining components are  costed 

a s  the chart  indicates. The Project O f f i c e  is again priced i n  a t  

about 5% of the t o t a l  u n i t  cost. 

This completes .our presentation on the cost  of a complete 
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program, and the sequence which the program would take. Repeating 

again, the t o t a l  program cost i s  estimated to be 3 3 . 8  mi l l ion  do l lars  

and the t o t a l  program schedule w i l l  require 3 9  months. 
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Arvin S m i t h  

W e  f i n a l l y  come t o  part three which is  of p a r t i c u l a r  i n t e r e s t  

t o  the  off ice  of Advanced Research and Technology. Dan Mager w i l l  

t a l k  about  s o m e  of the c r i t i c a l  technology areas t h a t  have been 

i d e n t i f i e d  a s  a r e s u l t  of the study.  

Dan Maqer 

What w e  t r i e d  t o  d o  d u r i n g  the cour se  of the s t u d y  program w a s  

t o  conceive a power supply  f o r  a manned s p a c e c r a f t  t ha t  h a s  the 

phi losophy of t h e  power u t i l i t y  company behind it, designed t o  

f i t  i n t o  the m o s t  g e n e r a l  k i n d s  of  miss ion  that one can con ju re  up. 

W e  wanted t o  keep the i n t e r f a c e s  between.  the power supply  and the 

s p a c e c r a f t  t o  a n  a b s o l u t e  minimum so t h a t  whatever the demands of 

the m i s s i o n ,  the power supply  could be e a s i l y  i n t e g r a t e d  and a lso 

provide  adequate  amounts of  power. The proposed c o n f i g u r a t i o n  w a s  

shown t o  supply  the s p e c i f i e d  l o a d s ,  and f u r t h e r  can be supplemented 

i n  a modular manner t o  ge t  a lmost  t w i c e  the amount of power that 

w e  've i n i t i a l l y  designed for, depending on the miss ion  demands. 

However, even though w e  produced a v e r y  g e n e r a l  power supply  con- 

f i g u r a t i o n ,  w e  ap@reciate t h a t  it may n o t  be the c o n f i g u r a t i o n  one 
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may desire for a specific miss ion .  Neve r the l e s s ,  there are a 

number :;L development programs tha t  can  be performed a t  the 

present t i m e  t o  advance the technology for any  d e s i g n  of a large 

power system tha t  w i l l  go i n t o  space. I n  f i g u r e  27 ,  w e  a g a i n  see 

our f r i e n d  w h o  w a s  backward l a s t  t i m e  - he's a b o u t  r e a d y  t o  s t a r t  

on some of the more c r i t i c a l  development problems w h i c h  have been 

i d e n t i f i e d  d u r i n g  the course of the program. F igure  28,  shows 

tha t  w e  can  take a number of p a t h s  t o  a r r i v e  a t  a f i n a l  conf igu ra -  

t i o n  f o r  the l a r g e  solar array power supp ly  i n  space. W e  c a n  take 

the path which is  noted as  the PSM path which l e a d s  t o  the d e s i g n  

of a g e n e r a l  purpose power supp ly  that  w e  have desc r ibed .  we 

could examine h o w  it f i t s  i n t o  v a r i o u s  mis s ions  - perhaps make 

s o m e  small m o d i f i c a t i o n s  t o  it a s  mis s ions  become more de f ined  - 
b u t  the approach would be t o  produce a versa t i le ,  g e n e r a l  purpose 

des ign .  Another path tha t  can  be fol lowed i s  shown i n  the r ight ,  

t o  d e f i n e  a s p e c i f i c  m i s s i o n  i n  d e t a i l  and d e s i g n  a power supp ly  

for those specific r equ i r emen t s .  I n  either e v e n t ,  no  matter which 

path i s  t o  be t aken ,  there a re  t e c h n i c a l  problems that  are  g e n e r i c  

t o  any  solar a r r a y  power supp ly  t ha t  you w i l l  de s ign .  

W e  have i d e n t i f i e d  s i x  s i g n i f i c a n t  problems of this  g e n e r a l  

n a t u r e .  

a n a l y s i s  w h i c h  has a l r e a d y  been  mentioned d u r i n g  the morning 's  

Two of t h e m  are a n a l y t i c a l ,  one be ing  the dynamic 

d i s c u s s i o n .  The other one i s  enhancement of the p e r t u r b a t i o n  
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analysis, which was examined i n  a simplified way during the 

Houston Study. The other four problem areas a re  of a special 

hardware nature that  should be looked a t .  The first of these 

re la tes  t o  plume effects  i n  the array. There i s  an SPS engine 

and several RCS t h r u s t e r s  aboard the spacecraft. We'd l ike  t o  

know the effect  on the array of the possible deposition of combust- 

ion products, and understand the effect  of distance of the array 

from the various engines. I believe Houston may be performing this  

program a t  present. Another hardware problem tha t  w e  consider 

gener ic  t o  any large power system des ign  i s  the development of 

nickel-cadmium and silver-cadmium storage cells i n  large capacity 

ratings of the order of 100-125 ampere-hours. Some work i s  being 

done to  develop c e l l s  of t h i s  s ize  by various battery manufacturers.' 

W e  feel  a test  program i s  appropriate t o  exercise the ce l l  according 

t o  the orb i ta l  demands tha t  w e  are  going t o  make on the ce l l ,  t o  

run  charge-discharge prof i les  over the anticipated l i f e  of the bat- 

tery,  t o  b u i l d  up r e l i a b i l i t y  history,  and t o  ascertain the nature 

of the performance degradation of the ce l l  over the l ifetime of the 

mission. Data of t h i s  nature l e n d s  t o  a t ighter system design and 

analysis of power system performance. 

The l a s t  two problems have t o  do w i t h  the array. I'vecalled 

attention t o  the orientation shaft  a s  one major i t e m  of general 

purpose hardware t o  be developed. This shaf t ,  between the space- 

c r a f t  and the array,  includes a major portion of the deployment 
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mechanism, t h e  m o t o r  d r i v e  and  b e a r i n g s ,  and  t h e  t w o  deg rees  of 

freedom mechanisms. I t  i n c l u d e s  s l i p  r i n g s  t o  t r a n s f e r  p o w e r  

from the a r r a y  through t h e  two-degrees-of-freedom assembly, t o  

the s p a c e c r a f t .  T h i s  e n t i r e  s h a f t  assembly can be developed prior 

t o  hard d e f i n i t i o n  of  a mission.  

a s  a r r a y ,  h a s  t o  do  w i t h  t w o  d e s i g n  aspects. One concerns  t h e  h inges  

and l a t c h e s  t h a t  are  r e q u i r e d  d u r i n g  deployment of  a n  a r t i c u l a t e d  

a r r a y ,  w i t h  perhaps  the need f o r  r e t r a c t i o n  and redeployment capa- 

b i l i t y .  The o t h e r  impor t an t  aspect i s  the need t o  deve lop  a conf ig-  

u r a t i o n  of  the solar  a r ray  t o  operate s u c c e s s f u l l y  through a large 

number of ex t remely  s e v e r e  thermal  c y c l e s .  As George s t a t e d ,  when 

w e  g e t  i n t o  a v e r y  l i g h t w e i g h t  a r r a y ,  t h e  t empera tu re  extremes t h a t  

a n  a r r a y  can see on a per o r b i t  base can  e a s i l y  go from -15OOC t o  

The l a s t  problem,( s imply noted 
I 

l 

+8OoC, doing t h i s  e v e r y  hou-r and a h a l f  i n  a ' 2 0 0  n.mi. orbi t .  W e  

have found t h a t  t h i s  i s  a c o n s i d 4 r a b l e  d e s i g n  problem. I d o n ' t  

t h i n k  t h a t  anybody has y e t  tested a n  a r r a y  f o r  a 1000 c y c l e s  t o  

-15O0G. W e  feel that  a program t o  b u i l d  a sample a r r a y  of a con- 

f i g u r a t i o n  t h a t  can s u r v i v e  t h a t  thermal  environment i s  a c o n t r i b u -  

t i o n  t h a t  indeed should be going on now. 
't 

Now w e  want t o  t a l k  i n  s o m e  d e t a i l  abou t  each  of the v a r i o u s  

problems t h a t  w e  had on f i g u r e  28, W e  noted t w o  a n a l y t i c a l  problems, 

the dynamic problem dnd the p e r t u r b a t i o n  problem. The s o u r c e s  of 

the p e r t u r b a t i o n  forces a re  t h e  n a t u r a l  forces on the solar a r r a y  
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shown i n  figure 29 ,  which w i l l  cause it t o  have some drag, some 

l i f t ,  some torquing due t o  the gravity gradient, some torquing due 

t o  the magnetic dipole forces and torquing due t o  solar pressure. 

I f  we assume that  each of these torques ac ts  on the spacecraft t o  

disorient it from the a t t i tude  which the spacecraft wishes to have, 

the RCS thrusters m u s t  be f i r e d  t o  b r i n g  the spacecraft back t o  i t s  

proper a t t i tude.  We can thus re la te  the fuel  consumption required 

t o  maintain the spacecraft positioning to the various perturbation 

forces. The forces a re  a function of the sun-vector relationship 

w i t h  the spacecraft axes, the alignment of the spacecraft i n  i t s  

orb i t  and the instantaneous alignment of the magnetic flux.. W e  

feel that  what should be done is t o  b u i l d  a mechanized program t o  

examine i n  de ta i l  and catalog the various perturbation e f fec ts  and ’ 

fuel penalties a s  a function of a l l  the mission variables. One of 

the important variables w i l l  be the accuracy des i r ed  from the 

spacecraft a t t i tude  control system. We would l ike t o  se lec t  a 

spacecraft a t t i tude  accuracy, and determine how often w e  have t o  

f i r e  the RCS thruster t o  compensate for the torques tha t  the 

natural forces in t roduce .  Looking a t  figures 30 and 31 which 

summarize the important variables of the problem, cer ta inly the 

a l t i tude  of the spacecraft and the inclination of the orbit w i l l  

have an impact on the drag, the l i f t ,  the magnetic dipole, and the 

gravity gradient. The sun elevation is a seasonal variant which 
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sets the r e l a t i o n s h i p  between the solar paddles  and the spacecraft 

on a p a r t i c u l a r  day. The a r r a y  area and a s p e c t  r a t i o  are going t o  

a f f e c t  a l l  of the p e r t u r b a t i o n  forces. For example, w h a t  i s  the 

o p t i m u m  a s p e c t  r a t i o  t o  select for the v a r i o u s  a l t i t u d e s ,  for the 

va r ious  i n c l i n a t i o n s ,  and for v a r i o u s  a t t i t u d e  accuracy  requirements? 

C e r t a i n l y  a second of arc p o i n t i n g  accuracy for the spacecraft 

causes  a s i g n f i c a n t  d e s i g n  i m p a c t  compared t o  a 1 degree accuracy  

requirement .  These factors then  should a l l  be p u t  i n t o  one computer 

program, so t ha t  g iven  the requi rements  of a specific mission w e  

can c a l c u l a t e  the f u e l  consumption. For the g e n e r a l  case w e  feel 

tha t  it i s  important  t o  mechanize the problem t o  produce answers  

for whatever mission,  or system s tudy  requi rements  are genera ted .  

T h i s  i s  then che f i rs t  of the problems. W e  would l ike  t o  p o i n t  

o u t  aga in  t h a t  it should and can be done now, i n  the m o s t  g e n e r a l  

c a s e  t o  s u i t  a wide  v a r i e t y  of mission needs.  

S l i d e  32 shows a proposed p e r t u r b a t i o n  a n a l y s i s  program, 

approximately 5 months long  and which w e  have l a i d  out as follows. 

The f i rs t  per iod  of t i m e  would be used t o  develop  the force equa- 

t i o n s ,  us ing  g e n e r a l  parameters rather than  specific numbers. The 

n e x t  step would be to mechanize the equa t ions .  F i n a l l y  w e  would 

r u n  the program on sample problems to  demonstrate  i t s  a p p l i c a t i o n ,  

and then  produce the f i n a l  report. Figure 33 summarizes the f r u i t s  

of the program, i n  our cornucopia .  B a s i c a l l y  the o u t p u t  from the 

program can  be summed up as, t e l l  m e  w h a t  miss ion  you are going t o  
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f l y  and I ' l l  t e l l  you your f u e l  consumption and your f u e l  comsump- 

t i o n  ra te  per o rb i t ,  per day, per month. W e  can select a n  a t t i t u d e  

c o r r e c t i o n  d u t y  cycle w e  choose t o  have and f i n d  e x a c t l y  w h a t  

a t t i t u d e  d i s t u r b a n c e s  w e  have w h i c h  w e  are going  t o  hav- t o  

correct b y  f i r i n g  the RCS t h r u s t e r .  For example, is  it better 

for  the spacecraft t o  d r i f t  from i t s  d e s i r e d  a t t i t u d e  by 2 

degrees and f i re  the e n g i n e  or i s  it better t o  l e t  it d r i f t  off 

1/2 degree  and then  f i r e  the eng ines?  Which d u t y  cycle i s  going 

t o  g i v e  the minimum f u e l  consumption? What i s  the a r r a y  s ize  and 

the shape t ha t  w i l l  give the minimum f u e l  consumption, the highest 

spacecraft p o i n t i n g  accuracy, the slowest movement of a t t i t u d e  

change? 

L e t ' s  look a g a i n  a t  f i g u r e  28. W e  have spoken a b o u t  the 

p e r t u r b a t i o n  a n a l y s i s  - w e  would l i k e  t o  spend s o m e  t i m e  d i s c u s s i n g  

the dynamics of the system. W e  have p e r t u r b a t i o n  f o r c e s  that  c a n  

cause  a t t i t u d e  p o i n t i n g  errors i n  the spacecraft which r e q u i r e  

c o r r e c t i o n .  W e  have docking  forces that  can  produce p o i n t i n g  errors. 

W e  have movements of the a s t r o n a u t s  perhaps, and f i r i n g  of the SPS 

eng ine  t o  change the orb i t  or t o  correct f o r  drag. A l l  these t h i n g s  

r e p r e s e n t  s i g n i f i c a n t  t r a n s i e n t s  t o  the spacecraft which must be 

c o r r e c t e d  for by the f i r i n g  o f  the RCS e n g i n e s  t o  get  u s  p o i n t i n g  

back i n  the d e s i r e d  d i r e c t i o n .  F i g u r e  34 o u t l i n e s  the three modes 

of dynamic a n a l y s i s  t ha t  should be looked a t .  The f i rs t  m o d e  i s  

the i n i t i a l  deployment of the solar array. We've launched the 
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spacecraft and w e  have t o  get the paddles deployed. A r e  the  

astronauts aboard or w i l l  they come aboard la te r?  What sha l l  

w e  do w i t h  the spacecraft? W i l l  w e  permit the spacecraft t o  

tumble while w e  are  deploying or do w e  want t o  hold it steady, 

perhaps by momentum wheels, . w h i l e  w e  deploy? What does it cost 

t o  go t o  each of these alternatives i n  fuel comsumption and i n  

Eorces that  the array w i l l  see? How much mechanical strength do 

w e  have t o  add t o  the system t o  accommodate a possible tumbling 

while deploying - which is  not rea l ly  something tha t  w e  w i s h  t o  do. 

And the basic problem i s ,  how stable i s  the system w h i l e  w e  deploy? 

Can we indeed b u i l d  a pract ical  servo mechanism considering the 

dynamics of the spacecraft, so tha t  the system can be stabil ized 

when w e  have finished deployment? 

The second mode of operation is  steady-state f l igh t .  The 

deployment i s  completed and w e  are  stable. Now occasionally, a t  

some duty cycle, we fire the RCS thrusters, or w e  dock, or the 

astronauts move about i n  the spacecraft, causing disturbances. 

I n  any event we generate a pointing error which requires correc- 

t ion.  As w e  repoint the spacecraft, the paddles w i l l  move t o  

keep pointing a t  the sun. A r e  w e  stable under those conditions 

of operation? What is  it tha t  w e  have t o  do t o  the servo designs 

t o  s tab i l ize  the system for tha t  mode of operation. 

The third m o d e  of operation tha t  should be analyzed i s  
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retraction and redeployment of the system, which w e  have represented 

i n  the lower part  of Lhe f i g u r e .  You w i l l  note that the retracted 

configuration need not be the same configuration that  w e  had a t  

the point of i n i t i a l  deployment. The retracted configuration may 

therefore represent a different reflected iner t ia  and compliance 

t o  the spacecraft control system. So again we have several complex 

servo parameters t o  look a t  t o  ascertain i f  the system is  stable. 

Redeployment from th i s  s t a t e  may therefore a lso be different  from 

the i n i t i a l  deployment, i n  terms of compliances, iner t ias ,  and 

s tabi l i ty .  So again we would generate design c r i t e r i a  for the 

array t o  meet. Figure 35 summarizes the dynamics of the spa.ce- 

c r a f t  and the large array. The spacecraft has three degrees of 

freedom of motion, defined by  the red l i n e s  w i t h  the black t ips.  

The spacecraft can rotate  about any of these three axes or around 

a l l  three a t  the same t i m e .  We have d e f i n e d  the panel system as  

having two degrees of freedom, about the yellow axes. One axis i s  

common t o  both paddles, and each paddle has a second axis of i t s  

own which i s  normal t o  the common axis. For the purpose of graphical 

i l lus t ra t ion ,  it was decided t o  mount the sun sensor t o  the space- 

c r a f t  w i t h  two degrees of freedom w i t h  respect t o  the spacecraft. 

The sun sensor telescope i s  shown out of scale for purpose of 

graphical c lar i ty .  O f  course, w e  don't  have t o  mount the sensor 

t o  the spacecraft. The sun sensor can be mounted a t  the base of 
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the boom, a t  the outer t i p  of the boom, a t  the base of the paddle 

a t  the outer t i p  of the paddle  - it can be mounted a t  whichever 

point i:r convenient for the mission. 

has some advantages and disadvantages w h i c h  w e  w i l l  not elaborate 

Each of these mounting places 

on a t  the present t i m e .  For our example, the sun sensor shown is 

mounted $to the spacecraft and has two degrees of freedom about the 

green axes. 

Let ' s  now fire the RCS t h rus t e r s  t o  correct the a t t i tude  of 

the spacecraft. We w i l l  t h e n  d i s t u r b  the sun sensor from i t s  sun 

pointing position. The sensor w i l l  move back t o  the sun vector 

about the green axes. When the sensor has relocated the sun again 

w i t h  respect t o  the spacecraft axes, the array w i l l  then or ient  

itself toward the sun. Figure 36 is a simplified block diagram 

of the motions tha t  I have j u s t  described. W e  have taken one 

axis  each of the spacecraft, the sun sensor, and the array, and 

shown it on the diagram of figure 36. I n  the f ina l  analysis, 

t h i s  diagram must be interlocked w i t h  three axes on the spacecraft, 

two axes on the array and two axes on the sun sensor, remembering 

tha t  w e  can a l so  mount the sun sensor d i r e c t l y  t o  the paddle and 

have the panel  drive supply the degrees of freedom for the sun 

sensor as  an optional choice. 

L e t ' s  now assume one ax is  motion of the spacecraft. The 

rectangles w i t h  the diagonals represent resolution points i n  our 
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feedback loop. The circles w i t h  the d i a g o n a l s  r e p r e s e n t  summing 

or s u b t r a c t i o n  p o i n t s .  Motion of the spacecraft a b o u t  one axis 

w i l l  displace both axes of the sun sensor from the sun v e c t o r , i n  

the g e n e r a l  case, shown a s  t w o  o u t p u t s  f r o m  the r e s o l u t i o n  p o i n t .  

The resolved components of the other t w o  a x e s  of motion of the 

spacecraft are shown e n t e r i n g  the summing po in t .  The o u t p u t  arrow 

of the summing p o i n t  represent the to ta l  resolved motion of a 

s i n g l e  a x i s  of the sun senso r .  W e  must now move the sun sensor 

back t o  r e g a i n  the sun. The angu la r  r e l a t i o n  between the sun sen- 

sor and i t s  axes of r o t a t i o n  e n t e r s  r e s o l u t i o n  p o i n t  2 ,  w h i c h  is 

a n  ana log  computer tha t  relates sun vector, and s p a c e c r a f t  axes ,  

and provides  array dr ive  s i g n a l s .  The a r r a y  d r i v e  s ignals  are 

shown a s  a n  i n p u t  v e c t o r  t o  the block r e p r e s e n t i n g  the a r r a y  dr ive  

servo.  

While be ing  d r i v e n  t o  i t s  new p o s i t i o n ,  the array is going 

t o  g e n e r a t e  a r e a c t i o n  to rque ,  which is resolved a t  r e s o l u t i o n  

p o i n t  three i n t o  three components abou t  the three axes of the 

spacecraft. The reflected r e a c t i o n  to rque  closes the dynamic i n t e r -  

a c t i o n  feedback loop. The to t a l  diagram t h u s  i s  a s impl i f ied  

i l l u s t r a t i o n  of the dynamic problem. Remember: a g a i n ,  th is  diagram 

should be expanded i n t o  three axes for the spacecraft, t w o  for the 

sun tracker and t w o  for the a r r a y  o r i e n t a t i o n .  Having gene ra t ed  

a g e n e r a l  problem s o l u t i o n ,  and g iven  parameters which describe 
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the mission,  we  can go ahead and describe the parameters which 

define the dynamic responses of the solar array. We can calculate 

the effect  of variations i n  the array design parameters on the 

spacecraft fuel consumption. And given mission parameters we 

w i l l  have a tool w i t h  which t o  understand the impact of variation 

i n  the parameters. Figure 37 shows a proposed schedule for the 

dynamics program. We feel  tha t  t h i s  program requires about 8 

months, provided we do the perturbation program tha t  we previously 

discussed. I f  you don ' t  do i t  first then  the perturbation program 

i s  a necessary part  of the dynamics program and the to t a l  schedule 

must  be extended by about 2 months. The mission and spacecraft 

constants would be evaluated parametrically, although the program 

can be done more simply for a specific problem. I n  the l a t t e r  

case, however, i t  becomes less u s e f u l  for the more general case. 

A f t e r  establishing the mission and spacecraft parameters, w e  would 

define the array parameters which we w i s h  t o  investigate, we would 

then develop tables of equations, perturbations, and array i n e r t i a  

parameters. A s  the spacecraft f l i e s  i n  i t s  orb i t ,  and the paddle8 

seek the sun,  the iner t ias  reflected t o  the various axes of the 

spacecraft are  going t o  change periodically. W e  must  develop 

tables of the variables t o  pump in to  the program. After de r iv ing  

the equations of motion, w e  would evaluate the deployment mode of 

operation, the steady-state f l i gh t  mode of operation, and the 
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retraction and deployment mode, t o  see i f  w e  are stable,  or what 

has to  he done t o  establish s t ab i l i t y ,  either mechanically, or by 

use of electronic damping networks. A f ina l  report would be 

i ssued  which covers the s t u d y  r e s u l t s .  

What do we expect t o  get from such a program? Figure 3 8  

again summarizes the f r u i t s  of the program. A n  important output 

would be the specifications for the array and boom designs.  How 

s t i f f  can w e  make the array? How lightweight should i t  be for 

the various k inds  of missions? With a need for one second 

pointing accuracies, there w i l l  be a different  array design than 

one designed t o  be compatible w i t h  one minute  or one degree 

pointing accuracies. 

We w i l l  define the sun tracker requirements. Where shal l  w e  

put the sun  tracker? If w e  place the sun tracker a t  the end of 

the array r ight  a t  the very t i p ,  every t i m e  you are going t o  t r y  

t o  seek the sun t h i s  f lexible paddle  w i l l  f lap .  Is tha t  a desir- 

able place t o  put the sun tracker? I f  you place it on the space- 

c ra f t ,  you have t o  provide 2 degrees of freedom. I n  addition, 

there i s  a high probability tha t  you w i l l  shadow the sun tracker 

some of the t i m e  and you may need two of them, w i t h  logic network 

t o  s w i t c h  between al ternate  sun trackers. Intui t ively it would 

look l i ke  the t i p  of the boom i s  the best  place t o  put it, but 

w e  ought t o  prove tha t  before w e  make a decision. 

We would l ike  t o  take a look a t  the array reactions - when 
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w e  have transient vibrations, when w e  a re  trying to  s tab i l ize  the 

overall servo loop, when subjected t o  forces when w e  s l e w  the 

paddles t o  a new position, and w h e n  correcting for the dynamic 

disturbances. Some of these forces may indeed be more important 

than launch forces to  the array design, especially i f  we get 

resonance buildups. 

We w i l l  a lso get a motion picture of the way the system 

moves every time we f i r e  an engine or deploy, including how long 

the paddles w i l l  f lap,  how they af fec t  the spacecraft, and other 

important factors. W e  th ink  t h i s  i s  a significant r e s u l t .  W e  

have spoken a number of times about the spacecraft a t t i t u d e .  

s t ab i l i t y  i n  the steady-state mode. Every t i m e  w e  f ire the RCS 

engine t o  correct the a t t i tude ,  is  the system stable and what do 

we have t o  do t o  make it stable? Shall w e  l e t  the spacecraft 

d r i f t  off lo before w e  f ire the engine, 1 / 2 O  or what is  a reasonable 

choice to  minimize fuel consumption. This then is  the dynamic 

program. 

specific PSM or other system configuration. Solution t o  the 

dynamic problem i s  included i n  the Phase I program tha t  Mr. Barna 

I t  can be solved as  a general problem, and not i n  the 

showed you previously. 

Figure 38 summarizes the four hardware problems tha t  w e  

recommended be done along w i t h  the two analysis problems. L e t ' s  

take a look a t  the large capacity battery test  program. W e  have 
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stated t h a t  we need 100-125 ampere-hour ce l l s  t o  i n s t a l l  ba t te r ies  

aboard the spacecraft efr ic ient ly .  W i t h  a smalle?-cell, there are  

large weight penalties due t o  packaging, mounting and so on. W e  

recommend tha t  storage c e l l s  be assembled i n  an appropriate con- 

figuration on the %est bench, and a simulated mission l ifetime 

battery program be run.  A six month t o  one year battery cycling 

program should be performed to  f i n d  out the manner of degradation 

of the bat ter ies  and their charge and discharge characterist ics,  

t o  generate c r i t e r i a  for the des ign  of the electronics of the power 

supply system. A consistent problem tha t  w e  always get into w i t h  

a new c e l l  i s  the proper design of the electronics to control 

battery charge and discharge. Properly designed electronics should 

be designed for the end of l i f e  character is t ic  of the battery,  

which can only be de r ived  from a good long program w h i c h  simulates 

the l i f e  of the mission as an ideal,  alghough it can be shortened 

some. You can’t  speed up the l i f e  t e s t  of the bat tery by rapid- 

cycling, because you change the parameters of the battery.  A 

proper characterization program is  something then tha t  can and 

should be started now. 

The second hardware area, the th rus t e r  plume ef fec ts ,  w e  

spoke about i n  passing before, t o  evaluate the e f fec ts  of the 

engine eff luents  on solar c e l l s  i n  proximity. W e  believe Houston 

has already begun t h i s  work. 
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The th i rd  area, the l o w  tempera ture  a r r a y  c o n f i g u r a t i o n ,  w e  

a lso spoke abou t  p r e v i o u s l y ,  p r i n c i p a l l y  concerned w i t h  deve loping  

a good low t empera ture  solar a r ray  c o n f i g u r a t i o n ,  

The solar a r r a y  development model i s  concerned w i t h  deve loping  

h inges  and latches, and  the o r i e n t a t i o n  shaft and i t s  mechanisms. 

L e t ' s  j u s t  d w e l l  on these for a short period of t i m e ,  F igu re  40 

shows the major e lements  of the a r r a y  systems, i n c l u d i n g  the 

deployment mechanism, a boom, a n  o r i e n t a t i o n  d r i v e  w i t h  2 degrees 

of freedom, and a power t r a n s f e r  mechanism t h a t  takes the power 

f r o m  the a r r a y  through the double  r o t a t i n g  j o i n t  t o  the s p a c e c r a f t .  

Looking a t  the array p a n e l s ,  these i n c l u d e  the s u b s t r a t e  d e s i g n ,  

the h i n g e s  and 1 a t c h e s . n e c e s s a r y  t o  i n t e r c o n n e c t  the p a n e l s  i n  a 

p l a n e  as  w e l l  a s  dep loy  the p a n e l s  f r o m  the folded assembly, and 

which can be designed t o  permit you t o  retract  i f  the need arises, 

and f i n a l l y  b u s  w i r i n g  and solar cel l  connec t ions .  Now the to t a l  

program, shown i n  f i g u r e s  41 and 42 c a n  be undertaken completely or 

i n  part, such a s  separate programs t o  develop the l o w  temperature 

c o n f i g u r a t i o n  or t o  develop r e t r a c t i o n  t echn iques  and mechanisms. 

O r  w e  could b u i l d  and test a simple a r r a y  s e c t i o n  which would con- 

t a i n  h inges ,  latches and the v a r i o u s  array components. W e  could  

a lso make minor test  art icles of a h inge ,  a latch,  the s l i p  r i n g  

w i p e r  system, b e a r i n g s ,  the t w o  degrees-of-freedom dr ive  mechanism 

and b u i l d  and test t h e m  i n  v a r i o u s  programs. Ult imately,  however, 

a t  least  an  a b b r e v i a t e d  model of the to t a l  solar array should be 
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constructed a s  an engineering tes t  m o d e l  including the above 

component parts and a l so  the complete power transfer mechanisms 

and be submitted to  an environmental test  program. Having the 

resul ts  of the t o t a l  program, w e  could then  prepare the t o t a l  

specification of the hardware designs needed t o  f l y  a large 

solar array i n  space for one year. W e  f ee l  tha t  the extent of the 

t o t a l  program i s  18 months. Again the whole array development a s  

described here need not be done a s  one complete package, b u t  w e  

recommend t h a t  a t o t a l  program be considered even i f  the work is  

spread over some period of t i m e .  With tha t  w e  conclude our portion 

of t h i s  morning's discussion and w e  w i l l  be glad t o  answer any 

questions t h a t  you might have. 
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Ques t ion  and Answer Period 
fo l lowing  P r e s e n t a t i o n  by George Barna 

NOTE: The fo l lowing  s t a t emen t s  are n o t  quoted,  b u t  paraphrased 
f o r  c l a r i t y .  

1. 

2. 

3 .  

4. 

5. 

Q. Is the 100 #/KW power o u t  of the a r r a y  or daytime power? 

A. Array power - 100 #/KW or 15 KW c a p a b i l i t y  weighs 
1500#. 9.7 KW dayt ime load and 5 . 6  KW for n igh t t ime  
load. 

Cy. D i d  w e  go through a s t r u c t u r a l  a r r a y  des ign?  

A. W e  stressed o u t  a r r a y  s t r u c t u r e  for launch and deploy- 
m e n t .  Array weighs 0.81 #/f t2 .  W e  assumed a r i g i d  a r r a y .  
Dynamic requi rements  were beyond program scope. 

Q. How much of the system weight  i s  necessary  t o  match 
system t o  v o l t a g e  v a r i a t i o n s ?  

A. N o  weight  s p e c i f i c a l l y  a s s o c i a t e d  w i t h  v o l t a g e  matching. 
System i s  capable  of o p e r a t i n g  over a wide v o l t a g e  range.  
Converters  are used t o  e x t r a c t  s p e c i f i c  r e q u i r e d  voltages 
from system i n p u t  v a r i a t i o n s .  

Q. Why n o t  o r i e n t  t o  r e g u l a t e  power c a p a b i l i t y ?  

A .  R e l i a b i l i t y  of t h i s  type  of t r a c k i n g  system s c a r e s  us.  

Q. I f  you have a manned system, w i l l  you n o t  have l a r g e  
power v a r i a t i o n s ?  Is it e a s y  t o  compensate? 

A.  Y e s  - v a r i a t i o n s  w i l l  be l a r g e ,  compensation i s  n o t  
d i f f i c u l t .  P r i m a r i l y  a b a t t e r y  d e s i g n  problem. 

Q. Have you looked at a n  upside-down cycle for better l i f e ,  
or deeper  d e p t h s  of - d i s c h a r g e ?  

A. N o  - w e  s t u c k  w i t h  t h i n g s  w e  w e r e  sure of .  
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6.  Q .  HOW does  w e i g h t  compare to  a n  unmanned s p a c e c r a f t ?  

A. Manned i n c r e a s e s  weight b y  10-1574. 

7. Q. Can w e  u se  a s t r o n a u t ?  

A.  Y e s  - b u t  n o t  u n t i l  the a s t r o n a u t ' s  capabi l i ty  i n  
space i s  better understood.  

8. Q. D o e s  weight  bookkeeping i n c l u d e  the a r r a y  p o i n t i n g  system? 

A. Y e s  - under the c a t e g o r y  l a b e l e d  D&O (Deployment and 
O r i e n t a t i o n ) .  

9. Q. Define the sun ang le .  

A. Angle b e t w e e n  o rb i t a l  p l a n e  and sun vector. 

10. Q. D o e s  the 100 #/KW i n c l u d e  compensation for docking 
f o r c e s ?  W a s  t h i s  the l i m i t i n g  f o r c e ?  

A. Y e s ,  it does i n c l u d e  compensation for docking,  b u t ' w e  
found SPS eng ine  f i r i n g  t o  be the maximum force, There 
i s  no p e n a l t y  for docking.  we cons ide red  r e t r a c t i o n ,  
b u t  found t h a t  f a v o r a b l e  array o r i e n t a t i o n  would be 
adequate  t o  w i t h s t a n d  the SPS f o r c e s .  

11. Q. Is the SPS used for d r a g  make-up? 

A. Y e s  - for d r a g ,  a l t i t u d e ,  o rb i t  p l ane .  

12, Q. What i s  the d i f f e r e n c e  i n  specific i m p u l s e  between SPS 
engine  and RCS t h r u s t e r s ?  

A. N o t  much - 300# for the SPS and 200# for the RCS. 



-62- 

Ques t ion  and Answer Period 
fo l lowing  P r e s e n t a t i o n  by  Dan Mager 

NOTE: The fo l lowing  s t a t emen t s  are n o t  quotedr  b u t  paraphrased 
for c l a r i t y .  

1. 

2. 

3 .  

4. 

Q. What do  you mean by shock for t h i s  case? 

A. The v a r i o u s  a c c e l e r a t i o n  forces occur r ing  i n  f l i g h t  such 
a s  docking, SPS engine  f i r i n g ,  and other t r a n s i e n t  motions,  
p o s s i b l y  a s t r o n a u t  movement. 

Q. Why do you need a sun s e n s o r ?  You know where the sun 
i s  on a d a i l y  basis, and you know the spacecraft o r i e n t a -  
t i o n  f r o m  i t s  a t t i t u d e  c o n t r o l  dev ices .  The sun p o s i t i o n  
can  be computed. 

A. T h a t ' s  t r u e .  It  d o e s n ' t  matter h o w  sun o r i e n t a t i o n  i s  
related t o  spacecraft axes.  Computation i s  a s  adequate  
as  sensing.  O.K. I ' l l  a c c e p t  computation. 

Q. Is there a way t o  sense  the power that the a r r a y  i s  
g i v i n g  o u t  a t  any g iven  t i m e ?  

A. The Maximum Power Po in t  Tracker senses the power o u t p u t ,  
and f i n d s  the maximum power p o i n t  i n  vo l t age -cu r ren t  
characteristic. When the b a t t e r y  v o l t a g e ,  as  a func t ion  
of temperature  i n d i c a t i n g  f u l l  charge is  sensed ,  the 
a r r a y  o u t p u t  power is  reduced b y  changing the o p e r a t i n g  
p o i n t  on the I-V cu rve  t o  a lesser o u t p u t  power. I n  
other words,  when n o t  needed, the power from the a r r a y  
i s  n o t  used. 

It i s  n o t  mechanical  t r a c k i n g ,  o f f s e t t i n g  array f r o m  
sun v e c t o r  normal,  b u t  e l e c t r o n i c  t r ack ing .  

Q. D i d  w e  cons ide r  a r t i f i c i a l  g r a v i t a t i o n ?  

A. NO. 
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5. Q. Have w e  flown maximum power p o i n t  seeker? 

\ 
\ 

A. W e  have a q u a l i f i e d  model w h i c h  i s  n o t  part of any specific 
system. MPPT d o e s n ' t  solve a l l  problems. P r i m a r i l y  u s e f u l  
when large v a r i a t i o n s  i n  array parameters occur  due t o  
a r r a y  thermal prof i le  or r a d i a t i o n  degrada t ion .  It reduces  
s p a c e c r a f t  heat d i s s i p a t i o n  problems and p rov ides  extra 
load  capabi l i ty  a t  beg inn ing  of l i fe .  

6. Q. How do w e  s e n s e  maximum power? 

A,  Measure c u r r e n t  and v o l t a g e  and a n a l o g  compute a l o n g  
power curve .  

Q. Manual t r a c k i n g  a v a i l a b l e ?  

A. No. 

Q. How o f t e n  i s  the a r r a y  power varied? 

A. Cont inuous ly  w i t h  high f requency  impedance matching 
s w i t c h .  

Q. Is a capacitor needed? 

A. Y e s  - for f i l t e r i n g  e f f e c t .  

7. Q. What can  you report on solar a r r a y  ce l l  i n t e r c o n n e c t i o n s ?  

A. Lunar Orbiter f120°C, moly s t r i p  cyc led  600 t i m e s .  
Nimbus t o  -9OoC, 1400 c y c l e s ,  copper strip. 
O t h e r  programs t o  -lOO°C, 6-700 c y c l e s  w i t h  s i l v e r  m e s h .  
B e l o w  12OoC array t empera tu re ,  s i g n i f i c a n t  d e s i g n  work 
is  needed. 

8. Q. On the shadowing program you performed by coun t ing  shaded 
s q u a r e s ,  i s n ' t  the shadowing loss more than a n  area effect? 

A. Y e s  and no - For a s i n g l e  cel l  shadowed i n  a s i n g l e  s t r i n g ,  
the e n t i r e  s t r i n g  is  lost .  When cells are connected i n  
series and parallel combinat ions,  shadowing loss approaches 
pe rcen tage  of area shadowed. Our tests i n d i c a t e  that  one 
cell  shadowed when 6-8 cells are connected i n  parallel 
approaches shadowed area rat io .  
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9. Q. Did you have any  concern for electrostatic bui ld-up  on 
a r r a y ?  

A. N o  - n o t  part of program. C e r t a i n l y  would be a matter 
of concern i n  a hardware d e s i g n  program. 

' 10. Q. How do  you bond t o  s u b s t r a t e  for the *120°C array. 

A. RTV adhes ive  - proprietary in fo rma t ion .  

11. Q. D i d  you do  tradeoffs on 3D degree of freedom t o  e l i m i n a t e  
shadows? 

A.  N o t  specif ical ly ,  b u t  spacecraft need be rolled o n l y  
6O i n  3D degree of freedom d i r e c t i o n  t o  e l i m i n a t e  shadow 
loss. 

Q. can  power module be rolled separately? 

A. Y e s .  

12. Q. Why d i d  you c o n f i g u r e  the solar padd les  i n  the shape 
you've shown? Why n o t  similar t o  the aspect r a t i o  of 
a ir p l a n e  wings? 

A. W e  performed many tradeoffs on v a r i o u s  shapes. The 
shape you i n d i c a t e  would r e s u l t  i n  i n t e r f e r e n c e  between 
a r r a y  and spacecraft d u r i n g  c e r t a i n  p o r t i o n s  of the yea r .  

13. Q. D o  you have enough e x p e r i e n c e  t o  recommend s l i p  r i n g s ?  

A. The Nimbus sa te l l i t e  has s u c c e s s f u l l y  used s l i p  r i n g s  
for more t h a n  a year .  

14. Q. Have w e  cons ide red  other t h a n  s l i p  r i n g s ,  such  as  rotary 
t r ans fo rmers  f o r  the power t r a n s f e r  j o i n t ?  

A .  Y e s  - b u t  w e  cons ide red  these other mechanisms n o t  s ta te  
of the a r t .  

15. Q. what would the aspect r a t i o  be i f  a r r a y  became t w i c e  
the area i n d i c a t e d ?  

A. W e  d i d n ' t  i n v e s t i g a t e  a l l  r a m i f i c a t i o n s  precisely, b u t  
we'd t r y  t o  keep the s a m e  aspect ratio.  The specific 
r a t i o  would r e s u l t  f r o m  a t r ade -o f f  s tudy .  
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16. Q. D o  arrays of t h i s  s i ze  make solar cells  cost more, 
d i f f i c u l t  t o  get? 

A. There may be some temporary price transients i n  the 
market, supply and demand would work, b u t  our experience 
has been tha t  the higher the demand the lower the price. 
There are  some possible new manufacturers who might go 
in to  the solar ce l l  bus iness  i f  the si tuation was r ight .  

1 7  Q. What a t t i tude  of array is used du r ing  orb i ta l  night? 

A. A s lewing  memory i s  used t o  maintain approximate correct 
array orientation position. 
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